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                    SUMMARY 
This thesis systematically studied the method for spray drying of soy sauce to produce 
soy sauce powders and the methods for caking prevention during processing and 
storage.On one hand, spray dried soy sauce powders were produced by using 
maltodextrins as carrier agents. Powders produced by adding maltodextrins of 
different concentrations and DE values were compared for their caking characteristics. 
On the other hand, caking prevention methods have been developed by using 
alternative carriers consisting of maltodextrin with added drying aids.  
 
A higher maltodextrin dosage was found to result in lower hygroscopicity, less 
cohesion and higher glass transition temperature (Tg) of the soy sauce powders. No 
dramatic difference was found between the particle size distribution, moisture 
adsorption content, and Tg of the soy sauce powders made with maltodextrins of 
different DE values. However, the caking strength of the soy sauce powders was 
strongly influenced by the concentration and DE value of maltodextrins.  
 
The critical storage conditions for spray dried soy sauce powders could be predicted 
by combining the BET and Gordon-Taylor models.The high salt concentration in the 
soy sauce powders made it difficult to accurately predict their monolayer moisture 
contents by using the BET and GAB models. However, this problem could be solved 
by applying the BET model to fit the experimental results within the limited aw range. 




The spray drying conditions had a strong influence on the physicochemical properties 
of the spray dried soy sauce powders. Different drying conditions could generate soy 
sauce powders with different process yield, bulk density, flowing behaviour and 
particle size. The energy dispersive X-ray spectrometer(EDS)analysis demonstrated 
that the surface NaCl concentration of the soy sauce powders increased with an 
increasing drying air temperature.  
 
As a method to retard caking of the soy sauce powders, cellulose or waxy starch were 
used together with maltodextrin as carrier agents to spray dry soy sauce. It was 
demonstrated that cellulose or waxy starch could induce partial crystallinity of the 
spray dried soy sauce powders. The resultant soy sauce powders were significantly 
less sticky and less liable to caking when a certain ratio of maltodextin to starch or 
maltodextrin to cellulose was reached.  
 
With an addition of whey protein isolate (WPI) in the feed solution, the spray drying 
yield was significantly increased as compared to the control. X-ray photoelectron 
spectroscopy(XPS) analysis supported that the WPI had a strong affinity to distribute 
on the powder surface. Adding WPI was able to significantly delay heat-induced 
caking of the soy sauce powders.  
 
No acrylamide was detected in the original liquid soy sauce and the spray dried soy 
sauce powders with and without adding curcumin, thereby addressing the safety 
 X 
 
concern of acrylamide formation in the soy sauce powders. Heating of liquid soy 
sauce samples with and without curcumin using a microwave reactor showed that 
acrylamide could be formed after prolonged heating at a high temperature between 
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1.1.1 Overview of Soy Sauce Powder and Its Caking Issue 
Soy sauce is a traditional condiment popularly produced and consumed in East Asian 
countries such as Japan, Korea and China. Soy sauce powders commercially available 
are mainly manufactured by spray drying, although other dehydration methods such 
as freeze drying and drum drying can also be used. Powdered soy sauces were firstly 
used in the soup base of instant noodles. Now their application hasbeen expanded to 
powdered seasoning, frozen food, processed meat, etc(Okayasu & Hamano, 2003).  
 
Spray drying of soy sauce aims to convert soy sauce from a liquid state into a solid 
state and bring much more convenience in packaging, transportation and application. 
Processing techniques of soy sauce powders have been studied and reportedin the 
literature before (Kiyokawa et al., 2008; Okayasu et al., 2007; Okayasu et al, 2005; 
Hamano & Sugimoto, 1979). However, a systematic study on the impacts of 
formulations and processing methods on the physicochemical properties and storage 
stability of the resultant soy sauce powders has not been reported so far.  
 
Moreover, caking during storage as a major quality degradation problem has not been 
resolved for powdered soy sauce.The caking problem is thought to be related to many 
factors such as the nature of food materials, crystal/amorphous states, storage 
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temperature, relative humidity. The glass transition temperature (Tg)indicating a state 
change from an amorphous state to a rubbery state was thought to have a definitive 
effect on caking of amorphous materials. Exposing to a temperature above the onset 
temperature of glass transition is thought to be the prerequisite for powder caking and 
the difference between powder’s storage temperature and glass transition temperature 
i.e. [T–Tg] 
+ 
represents the drive of caking (Aguilera et al., 1995; Fitzpatrick et al., 
2007). Studying the relationship betweenTgand caking change of the soy sauce 
powders will generate important information on the onset and kinetics of caking under 
various storage conditions. Besides, caking of the soy sauce powders is a time 
dependent process controlled by many factors including particle size, morphology, 
cohesiveness, crystalline/amorphous states, hygroscopicity. Therefore, the caking 
study of a food powder should encompass these fundamental powder properties 
relevant to its caking behavior. 
 
1.1.2 Caking Prevention Methods 
One of the ideas for caking prevention is to find out the critical storage condition for a 
food powder and keep it in a favorable storage environment. However, it is 
challenging to maintainfood powders in a completely safe storage condition without 
any degradation. To substantially reduce the caking problem of the powdered soy 
sauce, finding out an anti-caking formulation and the associated processing 
parameters is a primary approach. Therefore, it was necessary to study the anti-caking 
 3 
 
effect of adding different carrier to produce soy sauce powders and their influence on 
the powder properties.  
 
Maltodextrin is one of the most widely used carrier agents. Itfacilitates the spray 
drying process and enhances the storage stability of the product through its higher 
Tg.However, the type and dosage of maltodextrin used is usuallybased on a 
trial-and-error method and has not been related to caking behavior of the 
corresponding powder product. In addition, some alternative drying carriers 
haverecently been reported to reduce the stickiness problem of some food powders 
during spray drying orduring storage. They included milk proteins, cellulose and 
waxy starch, etc. (Cano-chauca et al., 2005; Adhikari et al., 2009). However, 
mechanisms behind their anti-stickiness effectwere thought to be different. Crystalline 
carbohydrates like cellulose were able to increase the crystallinity of the powder 
materials, while the milk proteins were found to increasepowder surface Tg through 
their over-expression on powder surface.However, none of them have been studied for 
their anti-caking effect with the relevant properties being characterized. Moreover, 
there has been no report on the application of these carrier agents to produce soy 
sauce powders. Therefore, it is of both scientific and commercial significance to study 
the spray drying of soy sauce by using these anti-caking carrier agents and 




1.2 AIM, OBJECTIVES AND SIGNIFICANCE 
Caking issue for food powders has been widely recognized and studied before, with 
limited success in different food systems. However, powdered soy sauce as a new 
form of the Asian indigenous food has a relatively short history in production and 
usage. Studies on its caking behavior and prevention methods are very limited, which 
may act as a big hindrance for its commercialization and applications. This research 
aimed to address the caking issue of spray dried soy sauce powders. Specifically, it 
was to investigate different carriers for producing powdered soy sauce and 
characterize the powder properties relevant to the caking issue. An evaluation system 
for soy sauce powders on its caking-related properties was to be established and 
applied to the study. In addition, acrylamide formation in foods as a result of long 
term thermal-processing at high temperatures has been widely reported in the 
literature since 2002 (SNFA). This thesis also examined the formation of acrylamide 
in liquid and spray dried soy sauce under different processing conditions to address 
the safety concern on soy sauce with heat treatment including spray drying.  
 
The specific objectives of this research and its scope are as follows: 
 
1. To spray dry soy sauce by using maltodextrins as a drying carrier and characterize 
powder properties relevant to caking. In particular, the influence of maltodextrin DE 
values and dosage as carrier agentswas to be studied and compared.  
2.To modelmoisture adsorption isotherms by the BET/GAB models and the effect of 
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moisture on the Tg of the soy sauce powders by applying Gordon-Taylor model. It 
aimed to predict the critical storage conditions of the soy sauce powder based on the 
modelingresults. 
3. To investigate the effect of spray drying conditions on the physicochemical 
properties of the soy sauce powders. The objective wasto determine the drying 
conditions which could produce powders with high process yields and desirable 
physicochemical properties. 
4. To study the anti-caking effect of cellulose or waxy starch as a carrier agent to 
produce soy sauce powders. In particular, crystalline/amorphous state change of the 
soy sauce powders was to be monitored and correlated to the caking and stickiness 
characteristics of the dried product.  
5.To study the anti-caking effect of whey protein as a complementary carrier agent to 
produce soy sauce powders. In particular, the surface properties of the soy sauce 
powders with whey protein addition was to be examined and compared with the one 
using only maltodextrin as the carrier.  
6. To investigate the effect of processing conditions on the formation of acrylamide in 
thermally processed liquid soy sauce and spray dried soy sauce powders. The 
thermally processed soy sauce or spray dried soy sauce powders with or without the 
presence of curcumin was to be studied and compared for the kinetics of acrylamide 




1.3 OVERVIEW OF THESIS STRUCTURE 
In Chapter 2, a literature review is presented on caking issues of food powders in 
general and the principal mechanisms behind the caking phenomena. To find effective 
ways to address the caking issues, the previous research on processing technology, 
evaluation methods, modeling of caking process and novel anti-caking methods were 
reviewed and summarized.  
 
The study on soy sauce powders started with choosing maltodextrins as a carrier agent 
and compared the anti-caking effect of maltodextrins with different dosage and DE 
value, which is given in Chapter 3. Chapters 4 and 5 extend the study by using 
maltodextrins as carriers for different objectives. Chapter 4 further studies the 
moisture adsorption isotherms and glass transition temperatures of the soy sauce 
powders by classic mathematical models from which the critical storage conditions of 
the powders were predicted. In Chapter 5, based on a single, selected type of 
maltodextrin, the effect of spray drying conditionson the caking characteristics of the 
soy sauce powders were examined and discussed.  
 
Following the study on using maltodextrins as carrier agents, Chapters 6 and 7 
explore adding complementary drying carrier agents together with maltodextrins to 
produce soy sauce powders. Specifically, in Chapter 6, adding cellulose or waxy 
starch as complementary drying carrier to spray dry soy sauce was investigated. It 
aimed to increase the crystallinity and storage stability of the soy sauce powder 
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product. In Chapter 7, the study encompassed the anti-caking and anti-stickiness 
effects of whey proteins as a complementary drying carrier incorporated into soy 
sauce powders. In both chapters, improved caking characteristics in the soy sauce 
powders were demonstrated by adding the complementary drying carriers.  
 
In Chapter 8, the spray drying process and various heat-treatments of liquid soy sauce 
on theacrylamide formation in the liquid soy sauce and spray dried powders were 
explored for the first time. It aimed to be a preliminary study to address the safety 
concern of acrylamide formation in the soy sauce matrix as a result of thermal 
processing.  
 
Finally, conclusions of the current studies and recommendations for further studies are 



















CHPATER 2: LITERATURE REVIEW 
2.1 CAKING OF FOOD POWDERS 
2.1.1 Caking Phenomenon 
Caking is a deleterious phenomenon during which free flowing powders are 
transformed into lumps and agglomerates. Caking of powders and adhesion of 
powders on equipment surface is a serious problem when handling powders in the 
food, chemical and pharmaceutical industries. Caking requires grinding to transform 
the powder cake into single particles. However, sometimes this process is not able to 
work since powder structure has already undergone irreversible changes. Moreover, 
the quality of the powder products is negatively affected by caking during storage or 
transportation. To reduce processing costs for post-treatment and increase the quality 
of the end products, caking has to be prevented as much as possible (Hartmann 
&Palzer, 2010).  
 
The definition of caking is not easy work, as caking change in a powder system is 
time-dependentand affected by many factors like storage temperature, moisture 
content, or perhaps position of the powder in the system (Aguilera et al., 
1995).Caking also involves different stages and extents. Aguilera et al. (1995) 
proposed four different stages of caking through the change of ratio of instant system 
porosity to initial system porosity [P(t)/P0] and the ratio of inter-particle bridge 
diameter to particle diameter [Dbridge/Dparticle]. The four stages namely bridging, 
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Macroscopically, different stages in the caking development could also be 
distinguished, although it may not be easily related to the porosity changeof the 
powder system as mentioned earlier.In the initialphrase of caking, the powder starts to 
get sticky and particles adhere to each other, which leads to reduced flowability of the 
powder. As caking progresses, powder particles form brittle lumps through a sintering 
process. After that, a mechanically stable powder cake is formed.Inthe later phase, the 
powder structure collapses and finally a highly viscous, foam like, amorphous melt is 
obtained (Peleg, 1983; Hartmann&Palzer, 2010). In addition, the mechanical strength 
of the powder cakes also changes with respect to the moisture adsorption, which is a 
major cause of caking. Due to the progressive adsorption of water, the strength of the 
powder cake first increases and in a later phase it decreases.In the early stage, the 
Figure2.1Four stages during a typical caking process (modified from 
Aguilera et al., (1995)) 
 10 
 
diameter of the sinter bridges limits the stability of the particle cake. The growing 
diameter of the sinter bridges leads to an increasing strength of the cake. However, 
with further moisture adsorption, the viscosity of the particle bridges decreases and as 
a consequence, the strength of cake reduces (Hartmann&Palzer, 2010).   
2.1.2 Caking Mechanism 
There are two types of basic states for pure solid materials, i.e. crystalline 
andamorphous. A crystalline state is characterized by a regular three dimensional 
arrangement of molecules within the material. The molecular arrangement of an 
amorphous state is disordered with reference to the crystalline state.It is in a 
thermodynamically unstable state compared with the crystalline state. Crystalline 
andamorphous materials are found to have different mechanisms in their moisture 
adsorption and caking characteristics (Labuza&Altunakar, 2007). 
 
Caking of fine, water-soluble crystalline powders like NaCl and sugars does not easily 
occurunder a condition below their critical relative humidity (RH). Below the critical 
RH at which the crystalline substances dissolve,the water adsorption capacity of the 
crystalline materials is rather low. When crystalline, water-soluble powders are 
exposed to a condition where their critical RH is exceeded, they will partially dissolve 
and form low-viscosity liquid bridges between particles. However, a stable powder 
cake can be formed if the absorbed water evaporates, enabling a re-crystallization of 
dissolved substances (Wahl et al., 2008; Mauer& Taylor, 2010). The condensation and 
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evaporation of moisture on the crystal surface due to temperature variations could also 
result in the caking of crystalline substances in a closed container (Hartmann&Palzer, 
2010). In some cases, partial melting and re-crystallization of fat can also be the 
reason for caking of fat containing powders (Hartmann & Palzer, 2010). 
 
On the other hand, powders containing a significant amount of water-soluble 
amorphous substances are sensitive to caking. The glass transition temperature (Tg) 
has been found to be the key parameter relevant to the caking of amorphous 
substances(Aguilera, et al., 1995; Peleg, 1992; Palzer, 2005). Tg is defined as the 
temperature range in which a glass changes to a supercooled liquid, or the reverse 
transformation (Liu et al., 2006). Above their Tg, the viscosity of food materials is 
reduced greatly from  =1012-1013Pa.s to an approximate value of  =106-108 Pa.s 
(Aguilera et al., 1995). Once glass transition happens, even on the surface of 
amorphous food powders, the dramatic viscosity change enables the powder particles 
to “flow” and merge into their neighboring particles as a sintering process. The 
inter-particle bridges develop with time under the force of surface tension and/or an 
external force(Palzer, 2005; Fitzpatrick et al, 2008). As a consequence, caking of 
powder happens.  
 
Moreover, amorphous materials are able to absorb moisture from surrounding air, 
whichcould result in a dramatic decrease in their Tg. Amorphous substances behave 
differently from soluble crystals in terms of moisture adsorption. They absorb 
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increasing amounts of water when exposed to an increasing relative humidity.  
 
Moisture adsorption of amorphous food powders will greatly reduceTg, since water isa 










     (Equation 2.1)  
The Tg of a mixture between water and a food powder in various proportions can be 
predicted in consequence by assuming the food powder as an uniform material. In 
Equation (2.1),Tg, Tgs and Tgw are the glass transition temperatures (°C) of the binary 
mixture, dry matter and water, respectively. The Tgw value can be taken as -135°C 
(Johari et al., 1987). ws and ww are the weight fractions of dry matter and water, 
respectively. k is the arithmetic average of a seriesof k values that can be obtained by 
solving the equation for a seriesof binary systems with water and dry matter at 
different ratios. In the literature, Tg has been reported to decrease in a semi-logarithm 
linear fashion with increased moisture content when the moisture content is kept 
below 10% (Peleg, 1994). Therefore, food powders may cake spontaneously when 
exposed to a high humidity environment, as its Tg could have been reduced to below 
the ambient temperature.  
 
2.1.3 Moisture Adsorption Isotherm and StorageStability 
Most amorphous soluble food powders are hygroscopic and can be excessively 
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plasticized by water. Water plasticization leads to the depression of Tg values, which 
happens at low moisture contents. Therefore, low water contents and temperature 
below Tg are required for maintaining the physical stability of amorphous foods. To 
ensure the stability of an amorphous food powder, moisture adsorption isotherm and 
Tg as a function of water activity can be used to evaluate the critical storage 
conditions of the powderat a given temperature (Tonon et al., 2009, Kurozawa et al., 
2009, Shrestha et al., 2007).  
 
Water sorption isotherms illustrate the equilibrium water held by the food materials as 
a function of aw or RH at a constant temperature (Labuza 1986). The shapes of 
moisture adsorption isotherms are largely dependent on the chemical composition and 
physicochemical states of the food ingredients. Brunauer et al. (1945) classified 
sorption isotherms in five general types. According to this classification, types I, II, 
and III are the most commonly observed moisture sorption isotherms for food 
materials (Figure 2.2) (Labuza&Altunakar, 2007). Food systems composed mainly of 
crystalline components such as sugars and salts are represented by a type III isotherm. 
Moisture adsorbed in these components is very low until a critical point of RH has 
been reached, which is referred to the deliquescence point (Hartmann&Palzer, 2010). 





Figure 2.2 Moisture adsorption isotherm types (Brunauer et al., 1945) 
 
Nevertheless, Hartmann & Palzer(2010) reported that in a binary system composed of 
crystalline and water-soluble amorphous particles, the behavior of the mixture does 
not follows a moisture adsorption isotherm obtained by a linear combination of the 
two individual components.It has been shown that when maltodextrin/dextrose syrup 
is mixed with KCl or NaCl, the salt crystals exhibit a lower deliquescence point. They 
start earlier to dissolve, coinciding with the glass transition of the amorphous 
components in the mixture(Schreyer and Sommer, 2008). 
 
Moisture adsorption isothermscan be modeled by various equations. The most widely 
used two models are the Brunauer-Emmert-Teller (BET) and 
Guggenheim-Anderson-deBoer(GAB) models (Bell and Labuza, 2000). Both the BET 
and GAB models are able to determine the monolayer moisture content for foods. The 
ability to determine monolayer moisture values is especially useful because the 
monolayer and its corresponding aw have been shown to correlate with optimum food 
stability. As aw is increased above the value corresponding to the monolayer moisture 
content, chemical reactivityincreases until reactant dilution occurs(Labuza&Altunakar, 
2007).Besides, the monolayer moisture can beequated with the amount of water 
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required to saturate the accessiblebinding sites both on the surface and in the bulk of 
the materials. Therefore it can be considered as a hygroscopicity indicator(Chu et al., 
2000). 
2.1.4 Models for Caking 
For modeling the sinteringprocess between particles, Frenkel (1945) published an 


















wherer and R are the bridge and particle radius,  is the viscosity of the bridge 
material, is the surface tension of the bridge material, and t is the exposure 
time.According to this equation, a greater surface tension or a longer contact time will 
facilitatethe development of caking，whereas a greater viscosity or a greater particle 
radius R will decrease the tendency of particles to stick to each other. 
 
Figure 2.3 represents a schematic illustration of a liquid bridge between two particles 
(Peleg, 1992). As mentioned earlier, liquid bridge formation becomes possible when 
the temperature of particle surface exceeds its Tg. Referring to Frenkel’s equation, the 
viscosity of the liquid bridge material   plays animportant role, which is dependent 
upon how far the temperature is aboveTg.TheWilliams-Landel-Ferry (WLF) equation 
(i.e. Equation (2.3)) could be applied to predict the viscosity of amorphous food 




















Figure 2.3 Schematic illustration of a liquid bridge between two solid particles  
(modified from Peleg, (1992)) 
 
Where 1C  and 2C  are phenomenological coefficients,  and g are viscosity at T 
and Tg, respectively. Rumpf et al. (1976) published another equation to include the 













2  (Equation 2.4) 
where tF  represents the applied force. Palzer (2005) combined Rumpf’s equation and 
the WLF equation to obtain a new equation (i.e. Equation (2.5)). 































He estimated the required contact time of caking by assuming a required diameter 
ratio r/R of 0.1 for sufficient inter-particle adhesion forces and a viscosity of 10
12
Pa.s 
in the glassy state. The calculated agglomeration time as a function of [T–Tg] 
+
 was in 
R 
r 




agreement with various values reported in the literature. In practical applications, the 
particle size of a food powder is not perfectly spherical and the bridge material is not 
always a Newtonian fluid as assumed in Rumpf’s model. Therefore, Frenkel’s and 
Rumpf’s equations may not be accurate enough in caking prediction (Palzer, 2005).  
 
Moreover, Fitzpatrick et al. (2007) believed that the gap between powder temperature 
and glass transition temperature [T–Tg] 
+
 determined not only the caking onset, but 
also the strength of caking. Both relative humidity and temperature of the surrounding 
air had major effects on the cake strength once the powder started to cake, with higher 
relative humidity and higher temperature resulting in greater cake strength. The 
[T–Tg]
+，heat and mass transfer models together with a relationship between glass 
transition and moisture content can be used to establish a reliable model for predicting 
caking onset and strength.  
 
2.1.5 Quantification of Caking Degree 
So far, there is no universally agreed method for the quantitative measurement of 
caking degree. A published method for conducting caking test is most likely one 
self-defined by the authors themselves. Screening powders by sieving is a simple and 
widely used method. The ratio of the mass of powder retained on a sieve with certain 
pore size sover the whole powder mass can be defined as a caking degree 
(Nijdam&Langrish, 2006). Compression of caked powders to compare their hardness 
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is also a way for caking evaluation (Hamano et al., 1979; Okayasu et al., 
2005;Listiohadi et al., 2008). A key issue for the two methods mentioned above is 
their unsatisfactory consistency and repeatability. In addition, shear cell methods have 
been widely used to evaluate the flowability and caking properties of food powders. 
Caking leads to a high shear stress during the flowability test by using a Jenike shear 
cell (Fitzpatrick et al., 2007). However, it is hard to apply it to high temperature and 
high humidity systems (Adhikari et al., 2001). 
 
2.2 SOY SAUCE POWDER PRODUCTION AND CAKING PREVENTION 
2.2.1 Japanese Soy Sauce 
The Japanese word "tamari" means soy sauce. It refers to the fact that tamari is 
traditionally from the liquid by-product produced during the fermentation of miso. 
Japan is the leading producer of tamari. Japanese soy sauce(しょうゆ, or 醤油), is 
traditionally divided into 5 main categories depending on their ingredients and 
method of production. They are Koikuchi (濃口), Usukuchi (淡口), Tamari (たまり), 
Shiro (白 , "white") and Saishikomi (再仕込 , twice-brewed). Over 80% of the 
Japanese domestic soy sauce production is of koikuchi, and it can be considered the 
typical Japanese soy sauce (Kaneko et al., 2012).Japanese soy sauce production 





















Figure 2.4 Flow chart of Japanese soy sauce production (Belitz&Grosch, 1987)  
 
The soy sauce typically contains about 4.4% reducing sugars, 17-18% salts and 1.5% 
nitrogen compounds which are composed of 40-50% amino acids, 40- 50% peptides, 
10-15% ammonia and less than 1% protein. Other components also include ethanol 
(1.2%) and lactic, succinic and acetic acids (Belitz&Grosch, 1987, Huang&Teng, 
2004). 
 
2.2.2 Previous Studies on Soy Sauce Powders 
Early research on powdered soy sauce demonstrated a causal relation between caking 
and moisture adsorption during storage. Soy sauce powder showed a powdery 
property below 20% RH and caked severely when reaching 40% RH (Hamao and 
Sugimoto, 1978). The caking hardness was affected by particle size, bulk density, as 
well as the fermentation time of soy sauce. Addition of 1% saturated fatty acid with 
14 to 18 carbon atoms into the powdered soy sauce effectively reduced caking, which 
was supposed to result from the low hygroscopicity of fatty acids attached to the 
powder surface (Hamao and Sugimoto, 1978). 
 
In 2005, Kikkoman researchers found that water produced from Maillard reactions 




could cause caking of powdered soy sauce (Okayasu et al, 2005). In their study, soy 
sauce powders were sealed in airtight bags and kept under 5°C, 25°C, 30°C, 
respectively, for twelve months. Water contents and dark color of reconstituted                                                                                                                                                                                                                                                                                                                                                                                                     
soy sauce powder increased as storage temperature went up, which was explained by 
accelerated Maillard reactions. Water produced by the amino-carbonyl reactions was 
thought to contribute to the caking of soy sauce powder during storage. To inhibit 
Maillard reactions, sodium sulphate was added into soy sauce powder and it was able 
to reduce caking strength (Okayasu et al., 2005). Another patented method on 
suppressing Maillard reactions was to remove reducing sugars through yeast 
fermentation of soy sauce moromi.This powdered soy sauce had a reducing sugar 
content of less than 1.5% and it was resistant to caking during storage. Non-reducing 
sugars were added as compensation before drying to improve the flavor of the 
powdered soy sauce (Okayasu et al., 2006).  
 
Some patents on making powdered soy sauce also claimed their caking prevention 
effect. The corresponding principles behind were often not clearly explained, but they 
were most likely through reducing the hygroscopicity of soy sauce powders. In one 
patent, soy sauce was separated by membrane filtration with a molecular weight 
cut-off of ≥ 500Da. The retentate had less caking strength and good storage stability 
than the control sample after drying into soy sauce powder (Okayasu et al., 2004). In 
another patent, spray drying of soy sauce was carried out by using hot air together 
with far infrared radiation, which enabled water evaporation below the boiling point. 
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Powdered soy sauce produced in this way had hollow bodies with little cracks or 
openings on the shell surface, which was thought to be the cause of deliquescence in 
conventional powdered soy sauce (Kiyokawa et al., 2008).   
 
2.2.3 Spray Drying Process 
So far, the reported drying methods for producing powdered soy sauce have included 
spray drying, drum drying and freeze drying. Spray drying is still the most widely 
used method (Okayasu & Hamano, 2003) due to its lower cost and high efficiency. 
Therefore, in this study we were only to focus on applying the spray drying method to 
produce powdered soy sauce and to investigate the methodologies to resolve the 
caking and stickiness issues during processing andstorage of the spray-dried soy sauce 
powders.   
 
Spray drying involves the atomization of a liquid feedstock into a spray of droplets 
and contacting the droplets with hot air in a drying chamber. The sprays are produced 
by atomizers. Evaporation of moisture from the droplets and formation of dry 
particles proceed under controlled temperature and airflow conditions. Powder is 












Feed                     Dry product out 
 
Hot air recovery 
Figure 2.5Flow Chart of a General Spray Drying Process (Master, 1991) 
 
A spray drying system consists of five essential elements: an air heater, a drying 
chamber, an atomizer, a collecting system and a blower for moving air through the 
system. There are three types of atomizer: rotary atomizer, nozzle atomizer and 
two-fluid nozzle. Rotary atomizer uses centrifugal energy to spray the fluid, and 
pressure nozzle utilizes pressure energy. Rotary atomizer is used to produce a fine to 
medium-coarse product(mean size 30-150μm) compared with nozzle atomizer which 
tendsto produce a more coarse product (mean size 150-300μm). Generally, rotary 
atomizer has greater flexibility and wider use of operation than nozzle atomizer. 
Besides, for rotary atomizer, the radial trajectory of droplets from the atomizer 
periphery can be controlled, which prevents excessive product depositing on the 
drying chamber wall (Masters, 1991).Two-fluid atomization is the only successful 
















2.2.4 Spray Drying Sugar-Rich Foods 
Spray drying of sugar-rich foods such as fruit juices, honey and protein hydrolysates 
is difficult, basically due to the low Tg of sugars (Bhandari et al., 1997). When the 
temperature inside the drying equipment is too high (empirically at 20 
o
C above Tg), 
powders will become sticky. The sticky powders will cause adhesion and deposition 
on the dryer wall and thus a reduced product yield, material fouling, and operational 
shut-downs in a more serious situation (Shrestha et al., 2007; Adhikari et al., 
2009a).For successful drying, the surface temperature of the product during spray 
drying should not reach 10-20 
o
C above Tg (Bhandari et al., 1997). To enhance the Tg 
of the drying materials and also increase their storage stability, high molecular weight 
drying aids are added into the feed solution to facilitate spray drying (Goula 
&Adamopoulos, 2008a). 
 
2.2.5Drying Aids / Carriers 
2.2.5.1Maltodextrin 
One of the most widely used drying aids is maltodextrins. Maltodextrins are the 
hydrolysis products of starches with different dextrose equivalent (DE) values. DE is 
a measure of the total reducing power of all sugars present relative to glucose as 100. 
Maltodextrin is soluble in water and widely used as an encapsulating agent for flavors 
and high intensity sweeteners. Maltodextrin as a carrier to facilitate drying 
hygroscopic food and enhance their post-drying stability has been successfully 
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applied to spray dry various foods including fruit juices, protein hydrolysates, 
sugars,etc.(Bhandari et al., 1997; Sablani et al., 2008; Cai&Corke, 2000; 
Ersus&Yurdagel, 2007; Tonon et al., 2008). 
 
Generally, the product moisture content increases with an increasing maltodextrin 
concentration in the feed for spray drying. This can be attributed to the fact that it is 
difficult for water molecules to diffuse and pass larger maltodextrin molecules 
(Goula&Adamopoulos, 2008a).A higher maltodextrin concentration increases the 
viscosity of the feed and produces bigger droplets in the atomization process, which 
also contributes to the increased particle sizes. Increasing maltodextrin concentration 
also reduces hygroscopicity, as the maltodextrin itself is much less hydroscopic and 
are able to microencapsulate hygroscopic substances (Chronakis, 1998). The DE 
value of maltodextrins can also influence the drying efficiency. The reported DE value 
of maltodextrin varied from DE 6 to DE 31 in spray drying applications (Tonon et al., 
2008; Cai&Corke, 2000; Ersus&Yurdagel, 2007; Goula&Adamopoulos, 2008a). 
Maltodextrins of lower DE have slower drying rates, which is attributed to higher 
viscosity that resists mass transfer. Lower molecular weight maltodextrins contain 
more hydrophilic groups, and the hygroscopicity of dried powder increases with 
increasing DE of maltodextrin (Cai&Corke, 2000; Ersus&Yurdagel, 2007). Lower DE 
value maltodextrinsare found to give higher Tg than higher DE value ones 





The method of applying surface active proteins as carrier to spray dry sugar-rich 
foods has been intensively reported recently(Adhikari et al., 2007; Adhikari et al., 
2009; Wang & Langrish, 2010; Jayasunderaet al., 2011).A small amount of milk 
proteins is able to substitute a large amount of drying aids such as matlodextrins to 
reduce the stickiness of powders during spray drying. It is believed that firstly 
proteins preferentially migrate to the droplet-air inference driven by its surface 
activity. Secondly, they form a thin protein-rich film soon after coming in contact 
with drying air (Nijdam&Langrish,2006). The film converts into a glassy state and 
acts to overcome both the particle to particle stickiness and the particle to wall 
stickiness. The successful drying of sugar-rich food depends on the amount of 
proteins present on the droplet surface but not on the bulk concentration (Jayasundera 
et al., 2011). 
 
The protein types that have been studied so far include sodium casinate, whey protein 
isolates, plant proteins, etc. Both sodium casinate and whey protein isolateshave been 
shown to act as an effective drying aid to increase drying recovery. Pea proteins as a 
plant protein source have been studied to compare with the milk proteins in terms of 
their anti-stickiness effect. However, less drying recovery was achieved when pea 
proteins were applied as a drying aid. This can be attributed to the poor film-forming 
properties of pea proteins. Adding low molecular surfactant (LMS) could displace a 
substantial amount of proteins on the powder particle surface, even when it is used ina 
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trace amount. The presence of LMS could also yield a poor powder recovery 
(Jayasundera et al., 2011b). Whey proteinsare a by-product of cheese manufactured 
from cow's milk. The two principal whey proteins in milk are β-lactoglobulin (~40 %) 
andα-lactalbumin (~20 %) (Pritchard & Kailasapathy, 2011).The molecular weights 
of β-lactoglobulin and α-lactalbumin are relatively small with 18.4 kDa and 14 kDa, 
respectively. β-Lactoglobulin and α-lactalbumin are both surface active proteins with 
good foaming and emulsifying properties. Whey protein concentrate (WPC) or whey 
protein isolate (WPI) with the two proteins as its main components has many 
applications in dairy and non-dairy foods (Holt&Rogiński, 2001). It possesses high 
binding properties for volatile compounds and has been used as wall materials to 
encapsulate flavor compounds during spray drying (Landy et al., 1995, Young et al., 
1993, Rosenberg & Sheu, 1996). 
 
2.2.5.3 Cellulose and Waxy Starch 
As mentioned earlier, crystalline and amorphous forms of powders of the same 
material show differences in their physicochemical properties (Nakai et al., 
1990).Crystalline state is the most stable state, havingthe lowest free energy (available 
energy). Obtaining powders containing crystalline state sugars isof fundamental 
importance for their stability.However, the rapid water evaporation during spray 
drying could result in powders of aglassy state (Downton et al., 1982; 
Langrish&Wang, 2006).In the literature, there have been reported works on the 
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induction of crystallization of sugar, but most of them were carried out using organic 
solvents (Singh, et al., 1991, De Melo, et al., 1993, Chidavaenzi, et al., 2001). 
According to Cano-chauca et al. (2005), adding waxy starch or microcrystalline 
cellulose as a drying aid was able to produce a partial crystalline surface in spray 
dried mango juice powder. The semi-crystalline powders wereless sticky than the ones 
made using only maltodextrin. 
 
Microcrystalline cellulose is a naturally occurring substance obtained from purified, 
partially depolymerised cellulose, prepared by treating alpha-cellulose, obtained as a 
pulp from fibrous materials, with mineral acids.It has been used extensively in the 
pharmaceutical, food, paper and composite manufacturing industries(AziziSamia et 
al., 2005). 
 
Starch can be separated into two fractions: amylose and amylopectin. Amylose is 
primarily linear with α-D-(1-4)-linked glucose residues. Amylopectin consists of 
chains of α-D-(1-4) and α-D-(1-6)-glucosidic linkages that form a branched molecule. 
Waxy corn starch mainly consistsof amylopectin which is a semi-crystalline material 
in nature. Compared withamylose, amlylopectin has a higher ordered semi-crystalline 
structure.It isless commonly used as drying carrier than modified starchessuch as 
pre-gelatinized starch because of its poor solubility. However,lower stickiness has 
been reported for mango juice powders produced using waxy starch as a carrier 
instead of maltodextrin (Cano-chauca et al., 2005).  
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2.2.6 Spray Drying Condition and Powder Properties 
Spray drying conditionscan greatly influence the physical properties of the powders 
like particle sizes, shapes, powder solubility, crystallization, glass transition, etc. 
Studieson the optimization of spray drying conditions have been widely reported. The 
processing parameters studied usually include formulation, drying air, feed flow and 
atomization, etc. However, most of them are not a single, independent variable,and 
one could influence the others (Huntington, 2004). The powder properties result from 
a combined effect of the feed formulation and the operation variables used in the 
drying process. To find out the effect of drying conditions on the quality of powder, 
linear or non-linear regression analysis could be used to fit experimental data and 
generate regression equations between the operation variables and the product 
properties. 
 
The various powder properties studied most include fundamental ones such 
asmoisture content, bulk density, water activity, hygroscopicity, Tg, etc. As mentioned 
before, some powder properties such as particle size, moisture content, crystallization 
and Tg, are relevant to the caking characteristics of food powders (Adhikari et al., 
2001).Therefore, the fundamental powder propertiesneed to be studied and correlated 
to the caking characteristics of food powders. Since cakingresults in a flowing 
degradation, powder flowing properties usually need to be characterized as a 
complementary study of caking. However, sincethe flowing and caking behaviors of 
powders are highly dependent on the individual testing method employed, it is very 
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difficultto compare the literature results amongst the various testing methods used.  
2.3 INCORPORATING CURCUMIN INTO SOY SAUCE 
2.3.1 Curcumin 
Curcurmin is a polyphenol found in the herb Curcurma longa, which has the common 
name of turmeric (Aggarwal&Sung, 2009). It is yellow in colour and makes up a 
majority (80%) of the curcuinoid complex, with demethoxycurcumin (17%) and 
bisdemethoxycurcumin (3%) being the other major components (Lao et al., 2006). 
Curcurmin contains several functional groups, including the b-diketo group, carbon 
double bonds and phenyl rings (Wright, 2002). Curcumin is highly lipophilic and 
almost insoluble in water below pH 7 (Hegge, 2008). Curcurmin has been shown to 
have various beneficial properties, including anti-inflammatory (Jurenka, 2009), 
anti-cancer (Bar-Sela et al., 2011) and anti-oxidant properties (Masuda et al., 2001; 
Javanovic et al., 2001). Hence, curcumin could be added to certain foods to create 
functional food. 
 
2.3.2 Acrylamide Formation in Presence of Curcumin 
Acrylamide (2-propenamide) has been classified as probably carcinogenic to humans 
(group 2A) by the International Agency for Research on Cancer (IARC) in 1994. 
Acrylamide was found to occur during non-enzymatic browning caused by the 
Maillardreactions at temperatures above 120°C (Friedman, 2003; Stadler et al., 2002). 
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However, it was recently shown that acrylamide is formed in fried potatoes that had 
undergone prolonged heating under low moisture conditions at temperatures below 
120°C (Goekmen&Senyuva, 2006). Some reports suggest asparagine as the main 
precursor (Yaylayan&Stadler, 2005), and that carbonyl or dicarbonyl compounds 
present act as a co-reactant in a Strecker degradation to yield acrylamide (Mottram et 
al., 2002). It was also suggested that acrolein produced from the degradation of edible 
oils could also lead to acrylamide formation (Mestdagh et al., 2007). In soy sauce, 
asparagine as a natural amino acid was reported to be about 0.9% in concentration 
(Yokotsukaet al., 1986). During spray drying, the drying air temperature could be 
much higher than 120°C although the drying time is very short. Therefore, there is a 
concern about the possible formation or increase of acrylamide in the spray-dried soy 
sauce powders. 
 
In this study, with an interest of creating new types of soy sauce powder as functional 
food, curcuminwas to be incorporated into dehydrated soy sauce matrix through spray 
drying. However, curcumin is a carbonyl containing compound and could contribute 
to the formation of acrylamide. According to Hamzalioglu & Goekmen (2011), 
curcumin could potentially contribute to acrylamide formation under long-term 
heating condition in the presence of asparagine. A higher amount of acrylamide was 
formed when curcumin was added into a fructose-asperagine model system during 
heat treatment. Therefore, it was necessary to monitor the profile of acrylamide 
formation in the soy sauce and soy sauce powder in the presence of curcumin. It could 
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lay a foundation for the commercial applications of curcumin into soy sauce products 
with respect to the concernon acrylamide formation through heat processing.  
 
2.4 CONCLUSION 
The caking phenomenon of food powders in general has been reviewed for the 
mechanism, influential factors, evaluation methods, etc. Previous study on the caking 
issue and anti-caking methodsfor the spray dried soy sauce powders was very limited 
in the literature. To address the caking issue of the soy sauce powders, we would start 
the research by using maltodextrins as the drying carriers to produce soy sauce 
powders and characterize the powder properties relevant to caking. Besides, some 
novel carrier agents have been reported to have potential anti-stickiness or anti-caking 
effect in the literature. Exploration of their anti-caking effect on the soy sauce 
powders would be made by using them as the drying carrier agents.   
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CHAPTER 3: CHARACTERIZATION OF SPRAY-DRIED SOY 
SAUCE POWDERS USING MALTODEXTRINS AS CARRIERS 
3.1 INTRODUCTION 
Powdered soy sauce as an innovation of the traditional soy sauce has emerged and 
increased rapidly in the market in recent years. However, caking or stickiness as one 
of the major degradation problems has hindered the development of soy sauce 
powders (Hamano & Sugimoto, 1979; Okayasu et al., 2005). The problem is mainly 
due to the existence of low molecular weight components with low glass transition 
temperatures (Tg). Moreover, the high hygroscopicity of small molecular sugars and 
organic acids in powder materials can reduce Tg through moisture adsorption from 
surrounding air. Water as a significant plasticizer can greatly reduce Tg (Liu et al., 
2006). When Tg is reduced below ambient temperature, particle bridging and 
agglomeration happen through the drive of surface tension or external force (Aguilera 
et al., 1995; Palzer, 2005).  
 
According to Hartmann and Palzer (2010), crystalline and amorphous powders have 
different caking mechanisms. Moreover, particle sizes of powders influence the 
degree of caking (Palzer, 2005). Therefore, to study the caking characteristics of soy 
sauce powders, their particle size distribution and crystallinity need to be 
characterized. So far, there have been no universally agreed methods on quantitative 
measurement of caking degree (Listiohadi et al., 2008).  
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Using maltodextrins as a drying carrier to produce food powders is a popular method 
today (Sablani et al., 2008; Cai&Corke, 2000, Ersus&Yurdagel, 2007, Tonon et al., 
2008). It can significantly increase the Tg and reduce the hygroscopicity of dried 
products (Goula & Adamopoulos, 2008a; Goula &Adamopoulos, 2010). However, 
there have been very limited researches on the properties of soy sauce powders using 
maltodextrins as a carrier. The objective of the study described in this chapter was to 
spray-dry soy sauce by using maltodextrins as a drying carrier and characterize 
powder properties relevant to caking. 
 
3.2 MATERIALS AND METHODS 
3.2.1 Raw Materials 
Naturally brewed soy sauce was obtained from Kikkoman Pte. Ltd. (Singapore); its 
composition included 10.3% of proteins, 8.1% of carbohydrates, 16.5% of NaCl and 
the rest being water. MaltodextrinsSTAR-DRI 5®, STAR-DRI 10® and STAR-DRI 
15®were obtained from Tate & Lyle (USA); their dextrose equivalent (DE) values 
were 4-7% (DE 5), 9%-11% (DE 10), and 13-17% (DE 15), respectively. 
 
3.2.2 Spray Drying 
Maltodextrins were dissolved into soy sauce to form a viscous fluid. For each of the 
three types of maltodextrin (i.e. DE 5, DE 10 and DE 15), two solutions which 
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contained 20% maltodextrin and 40% maltodextrin, respectively, were made by 
adding 200 g and 400 g of maltodextrin, respectively, into 1000 ml soy sauce. These 
solutions were subsequently used as feeds for spray drying.  
 
A pilot-scale spray dryer (Mobile MinorTM, GEA, China) was used in the study. The 
dimensions of the drying chamber were included 0.62 m of cylindrical height, 0.80 m 
of diameter and a 60°conical base. The solutions were fed to a two-fluid nozzle at the 
top of the spray dryer using a peristaltic pump (Masterflex, USA). The spray dryer 
was operated in a co-current air flow mode.  
 
The inlet temperature of drying air was at 185°C and its outlet temperature was 
maintained at 85°C by adjusting the feed flow rate via the peristaltic pump. The 
compression air pressure for atomization was controlled at 2 bars, with an air flow 
rate of 4 m
3
/h. Dried powders were collected from the base of a cyclone separator of 
the drier (Chindaphan et al., 2010).   
 
3.2.3 X-ray Powder Diffraction 
The crystallinity of powders was identified by using the powder X-ray diffraction 
(XRD) method. AnX-ray powder diffraction instrument (Bruker AXS D8 Advance, 
Germany) for phase analysis was operated by using Cu-Kα radiation (λ=1.5406 Å), at 
40 kV and 40 mA with a step size of 0.02
o. The diffraction followed a θ/2θ 
 35 
 
Bragg-Brentano geometry, and the 2θ range was varied from 5o to 50o. 
 
3.2.4 Particle Size Analysis 
The particle size distribution of powders was measured in ethanol by using a LA-950 
V2 Laser Scattering Particle Size Analyzer (Horiba, Japan) at room temperature. The 
refractive index of ethanol was set to be 1.36 and a stationary iteration number of 15 
was used. Each sample was repeated in triplicate to ensure good repeatability. The 
particle size distribution was characterized by the median diameter (i.e. D50) and by 
the dispersion (i.e. (D90-D10)/D50). 
 
3.2.5 Moisture Adsorption Analysis 
Nine different salts in their saturated solutions that are capable of providing gradient 
relative humidity (RH) values were employed to create desired RH environments in 
desiccators at 25°C. They were LiCl (10.2% RH), CH3COOK (22.5% RH), MgCl2 
(33.0% RH), K2CO3 (42.8% RH), MgNO3 (52.9% RH), KI (68.9% RH), NaCl (75.3% 
RH), KCl (84.3% RH) and KNO3 (92.5% RH) (Greenspan, 1977). In each of these 
desiccators, one gram of soy sauce powders placed in a plastic bottle without cap was 
stored at 25°C until equilibrium was reached. Then the equilibrium moisture content 
of the powders was measured gravimetrically by drying in an oven at 100°C for 12 
hours to produce moisture adsorption isotherms.  
 36 
 
3.2.6 Glass Transition Temperature (Tg) 
A differential scanning calorimeter (Mettler-Toledo DSC822e, Switzerland) equipped 
with liquid nitrogen cooling accessories was used. In order to avoid condensation of 
water, dry nitrogen gas was used to purge the surroundings of the furnace and the 
furnace chamber at 200 ml/min and 80 ml/min, respectively. Soy sauce powders were 
equilibrated at aw of 0.328 before the analysis. An equilibrated powder sample (5-10 
mg) was weighed into a 40 μl aluminum standard crucible (ME-51119870, 
Mettler-Toledo, Switzerland) and hermetically sealed with an aluminum standard lid 
(ME-51119871, Mettler-Toledo, Switzerland). All the samples were cooled at a rate 
of 20°C /min to reach a temperature that was about 60°C below their Tg midpoints 
(±5°C). Then the samples were reheated at 10°C /min to a temperature about 40°C 
above the Tg midpoints (±5°C) to analyze glass transition temperature. Tg was 
analyzed using the STARe software (Version 8.01, Mettler-Toledo, Switzerland). In 
all experiments, three replicates were analyzed. The midpoint of the glass transition 
was considered as the characteristic temperature of the transition. 
 
3.2.7 Flowing Properties 
All soy sauce powders were tested for their flowability by employing a Powder Flow 
Analyzer (Stable Micro Systems, Surrey, UK). The Powder Flow Analyzer system 
was constituted by a glass cylinder (120 mm in height and 50 mm in internal diameter) 
and a rotating blade of 48 mm in diameter and 10 mm in height. The flowing 
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properties were derived from the force that was exerted by the powder on the bottom 
of the glass cylinder, due to movement of the blade and displacement of the powder.  
During testing, the blade took a rotational movement while moving vertically 
downward or upward with a tip speed of 50 mm/sec inside the cylinder. The flow 
analyzer was operated employing three cycles of compaction-decompaction testing. A 
fixed powder volume of 140 mL was poured into the cylinder prior to the testing. 
When the blade moved downwards, it went through a compaction phase. A 
compaction coefficient (in 10
3 
gmm) was determined from the three compaction 
cycles by integrating the positive area under the force-displacement curve in the 
distance interval of 13 to 63 mm. A decompaction phase happened when the blade 
moved upwards at the same speed while rotating. A cohesion coefficient was 
determined during the decompaction phase by integrating the negative area in the 
same distance interval under the force-displacement curve. A cohesion index (mm) 
was defined as the ratio of the cohesion coefficient to the sample weight.    
 
3.2.8 Caking Test 
Caking tests were carried out by using the method of Listiohadi et al. (2008) with 
some modifications. Briefly, plastic bottles with 40 mm of opening diameter, 38 mm 
of bottom diameter and 64 mm of height were employed to prepare cake plugs from 
soy sauce powders. Four grams of powder were weighed into the plastic bottle and 
tapped gently to make a flat layer. Then the powders were compacted at 1.0 mm/s 
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until 1.04 kPa was reached and held at that pressure for 1 min (corresponding to a 




) by using a TA-XT plus 
Texture Analyzer (Stable Micro System, U.K.). After that, the compacted powder 
sample together with the plastic bottle was stored in a predetermined environment at 
controlled temperature and RH. With a predetermined storage period, a powder cake 
plug was formed and hardened. At the end of the storage period, the powder cake plug 
was gently taken out of the bottle. A compression test for analyzing hardness of the 
powder cake plug was carried out using a 6 mm probe attached to the TA-XT plus 
Texture Analyzer. The failure strength of a powder cake plug was characterized as 
breakage of the plug and disintegration of the powder. The peak force prior to the 
breaking of the powder cake plug was used to compare the caking strength of 
different powders (Figure 3.1).   
 
3.2.9 Statistical Analysis 
One-way ANOVA was conducted for determination of differences between samples 
using the SPSS 17.0 software (IBM, U.S.A.). Duncan’s test was employed. A 





Figure 3.1 A schematic chart of the caking test method 
 
3.3 RESULTS AND DISCUSSION 
3.3.1Analysis of X-ray Powder Diffraction 
In an X-ray diffraction analysis, crystalline materials yield sharp and defined peaks 
whereas amorphous materials show diffuse and broad peaks (Cano-Chauca et al., 
2005). Figure 3.2 shows the XRD profile of soy sauce powders with maltodextrin DE 
5, DE10 and DE 15, respectively, which were produced from the feed carrier at 20% 
maltrodextrin concentration. One broad, non-defined peak and three sharp, well 
defined peaks are shown for each powder sample. It indicates that the soy sauce 
powders were mixtures of both amorphous and crystalline materials. All the 
crystalline peaks were identified to be of NaCl according to the database of the Joint 





Figure 3.2: X-ray diffraction analysis of soy sauce powders produced from the feed 
solutions of 20% maltodextrin concentration of three DE values  
 
3.3.2 Particle Size Distribution of Soy Sauce Powders 
Results of the particle size distribution analysis showed that the soy sauce powders 
produced from spray drying were a mixture of big and small particles with diameters 
spanning mainly between 10 and 100 μm. The distribution curves all showed a log 
normal shape. The median size (D50) of the soy sauce powder made from the feed 
solution of 40% maltodextrin of DE 5 was larger than that of 20% one. However, 
there was no significant difference in D50 of the samples by DE 10 and DE 15 
maltodextrins between the two concentrations. It is interesting to note that the 
dispersion of the powder particle size was larger for the soy sauce powders made from 
the feed solutions of 40% maltodextrin concentration than those from 20% 









D50  (μm)              Dispersion ((D 90 - D10)/ D50) 
DE 5, 20% 39.4 ± 6.7
b
 1.05 ± 0.06
 b
 
DE 10, 20% 37.5 ± 2.8
b
 1.05 ± 0.03
 b
 
DE 15, 20%     41.9 ± 4.9
ab
 1.07 ± 0.03
 b
 
DE 5, 40%     49.5 ± 3.0
a
 1.16 ± 0.10
 ab
 
DE 10, 40%     38.8 ± 1.5
b
 1.25 ± 0.06
 a
 
DE 15, 40%     42.3 ± 4.0
ab




 Different letters in the same column indicate significant difference at p≤ 0.05. 
* The values reported are mean value ± standard derivation. 
 
Tonon et al. (2008) found that a higher maltodextrin concentration in feed solution 
could lead to the production of larger particles in spray drying of açai powder. The 
mean powder diameters were between 13.27 to 21.35 μm with maltodextrin 
concentrations ranging from 10% to 30%. Increasing the maltodextrin concentration 
increased the viscosity of the feed and therefore it could produce larger droplets. In 
our research, the powder particles ranged between 10 to more than 100 μm in 
diameter. Slight particle size differences resulted from viscosity changes could be 
easily masked by experimental variations and uncertainties, which is probably why 
the particle sizes of the DE 10 and DE 15 powders showed no significant difference 
between the two maltodextrin concentrations.  
3.3.3 Moisture Adsorption Isotherms 
Table 3.2 shows the moisture adsorption isotherms of the powders made from the feed 
solutions of maltodextrin concentration of 20% and 40%, respectively. Increasing the 
DE value of maltodextrin generally gave rise to a higher hygroscopicity of the powder 
containing it. However, the hyroscopicity difference was not significant among the 
DE 5, DE 10 and DE 15 samples.Asimilar trend was observed for the moisture 
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adsorption isotherms of the powders produced from the feed solutions of 40% 
maltodextrin concentration. On the other hand, incorporating maltodextrins could 
significantly reduce the hygroscopicity of the soy sauce powders, regardless of the 
maltodextrin concentration in the feed, while a higher maltodextrin concentration 
produced a stronger anti-hygroscopic effect. Similar results were observed by 
Kurozawa et al. (2009) in making spray dried chicken meat hydrolysate and Sablani et 
al. (2008) in producing oven dried date powders. Incorporating maltodextrin can 
modify the balance of hydrophilic/hydrophobic sites of the powder particles and 
decrease the amount of absorbed water (Pérez-Alonso et al., 2006).  
 
Table 3.2 Equilibrium moisture content of powders produced with different  
maltodextrinDE and concentrations (25°C) 
 Equilibrium moisture content (g/g dry matter) 
aw     20% maltodextrin     40% maltodextrin Without 
maltodextrin 




























































































































As a hydrolyzed product of starch, maltodextrinwith a higher DE has been subjected 
to a greater degree of hydrolysis than one with a lower DE. The hygroscopicity of 
maltodextrin increases as its DE value increases (Chronakis, 1998). In our research, 
however, the soy sauce powders containing maltodextrins of DE 5 and those of DE 15 
showed only a slight difference in hygroscopicity. Tong et al. (2008) found that 
incorporating different molecular weights of dextrans had little influence on the 
moisture uptake by herbal extracts at various RH. The number of water binding sites 
might be similar among dextrans of different molecular chain lengths and hence their 
equilibrium water contents on per gram basis were also similar.  
 
In addition, a dramatic increase in moisture content was observed for moisture 
adsorption isotherms of all the soy sauce powders at aw higher than 0.689. It might be 
caused by the deliquescence of NaCl. At lower relative humidity,crystalline materials 
tend to have a low affinity foradsorbing water.However, above a critical relative 
humidity,they will rapidly adsorb water and can result in the dissolution of soluble 
components onthe crystal surfaces (Fitzpatrick et al., 2008). The liquid soy sauce used 
in this research had 16.5% (w/v) NaCl concentration and all the salt was incorporated 
into the powders directly through the spray drying. Therefore, the deliquescence of 
salt crystals was mostly probably the cause accounting for a dramatic increase of 
equilibrium moisture content when awexceeded 0.689. According to 
Hartmann&Palzer (2010), the mixture of an amorphous substance and a crystalline 
substance had a greater water sorption capacity and could be plasticized faster than 
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the corresponding pure crystalline substance. That could explain why the dissolution 
of NaClcrystalshappened at about aw of 0.689, earlier than the deliquescence point of 
crystalline NaCl (aw of 0.73-0.75) to be reached.   
 
3.3.4 Glass Transition Temperature 
Figure 3.3 shows the glass transition temperatures of the soy sauce powders that were 
produced from different maltodextrin types and concentrations in the feed solution. 
Lower DE maltodextrins were found to give higher glass transition temperatures than 
higher DE ones. This is in agreement with the literature (Goula&Adamopoulos, 
2008b; Cai&Corke, 2000). Langrish et al. (2007) reported that theTgof a maltodextrin 
could be correlated to its DE byTg= 176.35 - 1.4 DE (Tgin °C). From this equation, the 
three types of dry maltodextrins (i.e. DE 5, DE 10 and DE 15) used in our study 
would haveTgvalues of 169, 162 and 155°C, respectively. Goula&Adamopoulos 
(2008a) also found a similar trend by fitting experimental results with the 
Gorden-Talyor model. The glass transition temperature analyzed in our experiments 
was for a ternary mixture of solid soy sauce, maltodextrin and water. The complexity 
of the system might have masked theTgdifferences brought about by the maltodextrins. 
Therefore, there was no dramatic difference between the soy sauce powders made by 




Figure 3.3 Glass transition temperatures of soy sauce powders produced from the 
feed solutions of 20% and 40% maltodextrin concentration, respectively, after 
equilibrium at aw of 0.32 (
a-d
 Different letters indicate significant difference at p≤ 
0.05) 
 
The soy sauce powders produced from the feed solutions of 40% maltodextrin 
concentration were found to have much higherTgthan their 20% concentration 
counterparts. This was most probably a result of the reduced equilibrium moisture 
content as the maltodextrin concentration increased. It is known that water as a 
significant plasticizer could enable the mobility of molecules and reduceTgof 
amorphous powders. Noting the lower equilibrium moisture content of the powders 
produced from the feed solutions of 40% maltodextrin concentration, it is reasonable 
to expect theirTgvalues to be higher. Moreover, since theTgvalue of a powder 
increases with its molecular weight, an addition of large molecular carbohydrates such 
as maltodextrin contributes positively to the powder’s stability. However, according 













































solution from 20% did not increase the Tg value of the corresponding spray dried 
chicken meat hydrolysate solids. A similar result was also reported by Grabowski et al. 
(2006) on spray driedsweet potato hydrolysates. According to Shrestha et al. (2007), 
the ability of DSC to accurately measure Tg could diminish as less defined enthalpic 
changes took place in macromolecules. The Tg value of a mixture with a high 
maltodextrin concentration might have been underestimated by using DSC.  
 
3.3.5 Flowability of Soy Sauce Powders 
Figures 3.4 and 3.5 show the flowability test results of the soy sauce powders. The 
compaction coefficient increased with an increase in the DE value of maltodextrin. 
The powder group produced from the feed solutions of 40% maltodextrin had slightly 
higher values than the 20% group. However, the statistical analysis showed no 
significant difference between the two groups. On the other hand, increasing the 
maltodextrin concentration in the feed solutions significantly reduced the cohesion 
index of the resultant powder particles. Moreover, for the 20% maltodextrin 
concentration in the feed solutions, the soy sauce powders made by maltodextrins of 




Figure 3.4 Flowability of soy sauce powders: compaction coefficient (
a-b 
Different 
letters indicate significant difference at p≤ 0.05) 
 
 
Figure 3.5 Flowability of soy sauce powders: cohesion index (
a-b
 Different letters 
indicate significant difference at p≤ 0.05) 
 
Using the same testing instrument, Mukherjee & Bhattacharya (2005) studied 






















































































Increasing the moisture content of the rice flours had the compaction coefficient fairly 
unchanged when they were below 17%. In this research, the moisture contents of the 
powders ranged from 8% to 15% after being conditioned at aw of 0.32, and the 
particle sizes as characterized in the above were almost the same. Therefore, it was 
reasonable that all the soy sauce powders demonstrated similar compaction 
coefficients under the testing conditions.  
 
Cohesion of powder particles has been found to be related to particle size, moisture 
content and the powder’s chemical composition in dairy powders and wheat flours 
(Buma, 1971; Landillon et al., 2008). Decreasing the particle size tends to increase the 
cohesion because the particle surface area per unit mass increases. It enables a greater 
number of contact points for inter-particle bonding and interactions (Landillon et al., 
2008). Increasing the moisture content of powders has been found to increase the 
cohesion (Iqbal&Fitzpatrick, 2006; Fitzpatrick, et al, 2007b). Water absorbed onto the 
surface of particles trends to dissolve soluble components and make the surface 
become viscous. In our research, the soy sauce powders were completely fat free and 
composed mainly of proteins, amino acids, carbohydrates and NaCl. The particle size 
distributions of the powders were almost the same, as described above in Section 
3.3.2. Therefore, the difference in cohesion was most probably due to the different 
moisture contents between the powders. A similar result was also found for rice flour 
powders with moisture ranging between 11% and 17% (Mukherjee & Bhattacharya, 
2005). Furthermore, Paterson et al. (2005) demonstrated that the cohesion of 
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amorphous lactose powders was characterized by the temperature difference [T-Tg]. In 
our results as shown above in Section 3.3.4, the Tg values of all the soy sauce powders 
dropped below ambient temperature after being conditioned at aw of 0.32. The 
powders produced from the feed solutions of 20% maltodextrin concentration had 
significantly lower Tg values and consequently greater cohesiveness.  
 
3.3.6 Caking Behavior of Soy Sauce Powders 
Using the caking test method described in Section 3.2.8, the soy sauce powders were 
compared for their caking strength. Figures 3.6 and 3.7 show the caking test results of 
the soy sauce powders stored under two water activities with the same period of time 
respectively. For the soy sauce powders stored under aw of 0.32 at 25°C, only very 
weak or even zero caking strengths were detected for the powders produced from the 
feed solutions of 40% maltodextrin concentration; for example, the powder cake plugs 
with maltodextrin of DE 5 were too weak and already broken down before being 
crushed by using the texture analyzer. However, the powders produced from the feed 
solutions of 20% maltodextrin concentration showed a strong caking strength and it 
increased dramatically with an increase in the DE value of maltodextrin. This 
demonstrated that the increase of maltodextrin concentration in the feed solution 
resulted in producing soy sauce powders with higher stability in terms of caking.  
 
For amorphous food powders, exposure to a temperature above the onset temperature 
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of glass transition is thought to be a prerequisite for powder caking. The difference 
between a powder’s storage temperature and its glass transition temperature i.e. 
[T-Tg]
+
 represents the driving force of caking (Aguilera et al., 1995; Fitzpatrick et al., 
2007a). However, in this research, the interactions between moisture and different DE 
maltodextrins had an even greater influence on the caking behavior of soy sauce 
powders. The caking strength was increased as the DE value of maltodextrin 
increased in both the powder groups i.e. the powders produced from the feed solution 
of 20% maltodextrin concentration and equilibrated under aw of 0.32 and the powders 
produced from the feed solutions of 40% maltodextrin concentration and equilibrated 
under aw of 0.43. However, there was no dramatic difference found in the Tg values 
and the moisture contents of the powders with maltodextrins of different DE values. 
Radosta et al. (1989) demonstrated that polymer-water interactions of maltodextrin 
exhibited a strong dependence on the degree of polymerization (DP) of saccharides. 
Critical water activity for the maltodextrin to transit from a powder to a “sorption gel” 
was determined by the DP, with that the higher the DP, the increasing critical water 
activity was needed to start the transition. Maltodextrin of a higher DE value has a 
higher percentage of low DP saccharides. The low DP saccharides with low critical 
water activity enabled the powder to sorption-gel transition when the powders were 
exposed to even a relatively low water activity environment. Then, the soy sauce 
powders with maltodextrins of higher DE values became more sticky and adhesive on 
their surface. During storage, a more viscous surface resulted in a stronger adhesion 
of the powder particles with the drive of surface tension or external force. That was 
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why much higher caking strengths were observed in the soy sauce powders with 
maltodextrins of higher DE values despite their moisture contents were low. However, 
as the amount of low DP saccharides underwent the powder to sorption-gel transition 
further increased, the powder structure collapsed and a pasty mass could be obtained 
(Hartmann & Palzer, 2010). The low DP saccharides then enabled the powder cake 
plugs to become more easily plasticized by water. Therefore, the powder cakes 
became softer in texture. This may explains why the caking strengths of the powders 
produced from the feed solutions of 20% maltodextrin concentration stored under aw 
of 0.43 became lower as the DE value increased (Figure 3.7). 
 
 
















Figure 3.7 Caking strength of soy sauce powders stored under awof 0.43 at 25°C for 
10 days  
 
3.4 CONCLUSION 
Spray dried soy sauce powders using maltodextrins as a carrier were a mixture of 
crystalline and amorphous substances. Incorporating maltodextrins could reduce 
hygroscopicity and increase Tg of the powders. However, the different DE values and 
concentrations of maltodextrin in the feed solutions had an influence on the caking 
related characteristics of the soy sauce powders. The powders produced from the feed 
solutions of 40% maltodextrin concentration also had lower hygroscopicity, less 
cohesion and higher glass transition temperatures than their 20% concentration 
counterparts. No dramatic difference was found between the particle size distribution, 
moisture adsorption content, and Tg of the soy sauce powders made with 
maltodextrins of different DE values. However, the caking strength of the soy sauce 
powders was strongly influenced by the concentration and DE value of maltodextrinin 
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the feed solutions. This was most likely caused by the different proportions of low DP 

































CHAPTER 4: WATER ADORPTION AND GLASS TRANSITION 
OF SPRAY DRIED SOY SAUCE POWDERS USING 
MALTODEXTRINS AS CARRIER 
4.1 INTRODUCTION 
Water activity has been coupled with glass transition temperature to provide an 
integrated approach to study the role of water in foods (Tonon et al., 2009; Kurozawa 
et al., 2009; Shrestha et al., 2007). The glass transitiontemperature is thought to have 
a definitive effect on the caking or stickiness problem of amorphous food powders. 
Exposing to a temperature above their Tg onset is thought to be the prerequisite for 
caking of amorphous powdersand the difference between powder’s storage 
temperature and glass transition temperature i.e. [T-Tg]
+
 represents the drive of caking 
(Aguilera et al., 1995; Fitzpatrick et al.,2007). Food powders with Tghigher than their 
environmental temperature can be viewed as staying in a stable state. However, as 
water has a strong plasticizing effect, even a slight increase in moisture adsorption 
could significantly reduce Tg and cause caking. To determine the stability of an 
amorphous food powder, moisture adsorption profile and Tgas a function of water 
activity can be used to evaluate the critical storage conditions of the powderat a given 
temperature.   
 
As mentioned previously in Chapter 3, the XRD results showed that the spray dried 
soy sauce powders weremixtures of amorphous phase and NaCl crystals. According to 
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Hartmann and Palzer (2010), the mixture of an amorphous substance and a crystalline 
substance might have a greater water sorption capacity and could plasticize faster than 
the pure amorphous substance. Therefore, it is important to investigate the water 
sorption characteristics of the soy sauce powder as a mixture of salt crystals and 
amorphous components. The moisture adsorption isotherms of the soy sauce powders 
have already been given in Section 3.3.3of Chapter 3. The hygroscopicity difference 
of the soy sauce powders with different maltodextrin DE value and levels of 
incorporation have been discussed. In this chapter, we continued the study of moisture 
adsorption isotherms by applying the BET model and the GAB model to the 
isotherms and deriving the corresponding model parameters. Issues found on 
predicting the monolayer moisture content of the soy sauce powders are discussed 
with respect to the rich composition of NaCl in soy sauce. In addition, the 
Gordon-Taylor equation was applied to model Tgchanges with respect to moisture 
content. Based on the BET model and the Gordon-Taylor model, the critical storage 
conditions for the soy sauce powders were determined accordingly. 
 
4.2 MATERIALS & METHODS 
4.2.1 Raw Materials and Production of Soy Sauce Powders 
The raw materials were the same as those described in Section 3.2.1. The soy sauce 




4.2.2 Modeling of Moisture Adsorption Isotherms 
Moisture adsorption isotherms of the soy sauce powders were obtained by the 
methods described in Section 3.2.5. Two theoretical models that are most widely used 
in predicting moisture adsorption are Brunauer-Emmett-Teller's (BET) model and 
Guggenheim-Anderson-de Boer (GAB) model. The BET model (Equation (4.1)) 
(Brunauer et al., 1938) is a two-parameter model assuming condensation of an infinite 










  (Equation 4.1)     
Where Xe is the equilibrium moisture content.Xm represents the monolayer moisture 
content and CBET is an energyconstant. It must be noted that the BET modelwas 
originally derived with reference to gas adsorption on crystalline surfaces. It is based 
on the theory of a constant surface area and would not be applicable to the analysis of 
moisture sorption behaviour of amorphous food involving structural changes caused 
by water (Tong et al., 2008). It can therefore be applied onlyif the analysis is limited 
to a certain aw range within which significant water absorption into the bulk 
anddissolution of the material have not yet occurred. According to Labuza and 
Altunakar (2007), the aw range applicable to the BET model is between 0 and 0.55. 
 
The GAB model (Equation (4.2)), as an extension of the BET model, provides 
sorption analysis over the entire range of relative humidity.  
[(1 )(1 )]
m GAB GAB w
e
GAB w GAB w GAB GAB w
X C K a
X




In the GAB model, KGAB and CGAB are energy constants and Xm as the monolayer 
moisture constant has the same meaning as in the BET model. Both the BET and 
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GAB models are based on the same principle of monolayer coverage. However, the 
GAB model introduces an additional degree of freedom (i.e. the constant KGAB). KGAB 
varies from 0.7 to 1 and the value of CGAB is between 1 and 20 for many food 
materials (Rahman, 1995; Labuza & Altunakar, 2007). 
 
Based on the experimental results of the moisture adsorption isotherms of all the soy 
sauce powders presented in Chapter 3, both BET and GAB models were used to 
model the moisture adsorption isotherms of the soy sauce powders and the 
corresponding model parameterswere derived. A non-linear regression analysis was 
carried out using the MATLAB R2008A software. The degree of fitness of each 
model was evaluated by the determination coefficient (R
2
) and root mean square 
errors(RMSE). 
 
4.2.3 Glass Transition Temperature Analysis and Modelling 
Eight different salts in their saturated solutions that are capable of providing gradient 
relative humidity (RH) values were employed to create desired RH environments in 
desiccators at 25°C. They were LiCl (10.2% RH), CH3COOK (22.5% RH), MgCl2 
(33.0% RH), K2CO3 (42.8% RH), MgNO3 (52.9% RH), KI (68.9% RH), NaCl (75.3% 
RH), KCl (84.3% RH). In each of these desiccators, one gram of soy sauce powders 
placed in a plastic bottle without cap was stored at 25°C until equilibrium was 
reached.  The glass transition temperatures of the equilibrated soy sauce powders 
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were analysed using the DSC methods described in Section 3.2.6.All Tg were the 
means of at least two independent scans.  
 
To study the dependence of glass transition temperature on the water content of soy 
sauce powders, the Gordon-Taylor equation (i.e. equation 2.1) as described in Section 
2.1.2, Chapter 2, was used to fit the experimental data.  
 
4.3 RESULTS & DISCUSSION 
4.3.1 Modelling of Moisture Adsorption Isotherms 
Table 4.1 shows the results of modelling the equilibrium moisture contents by using 
the BET equation. The determination coefficients were close to unity and the root 
mean square errors (RMSE) were less than 0.0921. This indicates that the moisture 
adsorption data of all the soy sauce powders were modeled satisfactorily by the BET 
equation up to awof 0.84. Two adjustable constants (i.e.XmandCBET) were obtained 
through non-linear regression of the experimental results. The monolayer moisture 
content (Xm) is the amount of water that is strongly adsorbed to specific sites at the 
food surface andis considered an important value to assure food stability. For soy 
sauce powders without maltodextrin, Xmwas estimated to be 0.3386 (g water/g dry 
matter). However, it was much higher than the reported monolayer values in the 
literature, which was between 0.039-0.145(g water/g dry matter) for various foods 
(Timmermann et al., 2001). Whether the Xm values predicted here could accurately 
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represent the monolayer moisture content of the soy sauce powders was still a 
question. This issue will be investigated and discussed subsequently.   
 
Table 4.1 BET analysis of moisture adsorption isotherms of soy sauce powders  
(up to aw of 0.84 at 25°C) 
Maltodextrin 
DE value and 





Xm              CBET 
Without MD 0.3570 0.7698 0.9855 0.0876 
DE 5, 20% 0.2081 1.5132 0.9622 0.0921 
DE 10,20% 0.2096 1.6162 0.9690 0.0839 
DE 15, 20% 0.2210 1.5220 0.9752 0.0784 
DE 5, 40% 0.1850 1.2879 0.9889 0.0430 
DE 10, 40% 0.1851 1.5101 0.9843 0.0520 
DE 15, 40% 0.1876 1.6740 0.9804 0.0595 
 
Table 4.2 GAB analysis of moisture adsorption isotherms of soy sauce powders  
(up to awof 0.84 at 25°C) 
Maltodextrin 








Xm CGAB KGAB 
Without MD 0.3361 1 1 0.9843 0.0911 
DE 5, 20% 0.3008 1 0.9389 0.9718 0.0795 
DE 10,20% 0.3070 1 0.9382 0.9778 0.0710 
DE 15,20% 0.3280 1 0.9246 0.9754 0.0747 
DE 5, 40% 
DE 10, 40% 

















The GAB models could not fit the experimental data directly up to aw of 0.84 with 
reasonable model parameters obtained. In the initial trials, fitting the experimental 
results in the entire aw range of 0-0.84 by the GAB model resulted in the Xm values 
being larger than 1 (g water/g dry matter). These values were not acceptable 
considering the physical significance of the monolayer moisture content. Therefore, 
some modifications or specific conditions would be needed when applying the GAB 
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model to studythe soy sauce powders. When setting the numerical boundary of 0.7 ≤ 
KGAB ≤ 1 and 1 ≤ CGAB ≤ 20 for the two parameters respectively, reasonable model 
parameters were derived with high R
2
 and low RMSE as shown in Table 4.2. 

















































Figure 4.1 Moisture adsorption isotherms of the soy sauce powders (a: without 
maltodextrin, b: DE5 20%, c: DE 10 20%, d: DE 15 20%, e: DE 5 40%, f: DE10 
40%,g: DE 15 40%) 
 
Even though the models fitted numerically, it does not mean that they have theoretical 
meaning (Labuza and Altunakar, 2007). In Figure 4.1, the moisture adsorption curves 
derived by fitting the BET or GAB models to awof 0.84 show a typical type 
Ⅲ erm (Brunauer, 1991), indicating the characteristics of crystalline 
components. However, it fitted poorly to the experimental results within low and 
medium awrange, in which the amorphous components instead of salt crystals might 
account mainly for the moisture adsorption.As discussed in Section 3.3.3, the 







adsorption when awreached 0.689. Both the BET and GAB models were based on the 
assumption of a constant surface area of the powder particles. The observed collapse 
and dissolution of the powder particles within high aw range made it unable to comply 
with the fundamental assumption as well as the monolayer concept of the two models. 
Therefore, the Xm values fitted with high aw results may not accurately represent the 
real monolayer moisture contents of the soy sauce powders, even though the models 
fitted numerically with the experimental data. To predict the monolayer moisture 
content accurately, the BET model should not be applied over the high aw range in 
which the dissolution of salt crystals through moisture adsorption started to happen.   
 
Table 4.3 BET analysis of moisture adsorption isotherms of soy sauce powders  
(up to awof 0.53 at 25°C) 
 
In view of the problem, the monolayer moisture contents were determined by fitting 
the BET model with the experimental results up to aw of 0.53. As shown in Figure 4.1, 
the BET model fitted fairly well with the experimental results in the aw range of 
0-0.53. At the same time, the adsorption isotherms shifted from a type III isotherm 
into a type II sigmoid-shaped (Brunauer et al., 1945) when the lower aw range applied 
Maltodextrin 
DE value and 






Without MD 0.1303 15.7141 0.9432 0.0145 
DE 5, 20% 0.1161 4.3028 0.9924 0.0049 
DE 10, 20% 0.1240 4.3252 0.9984 0.0026 
DE 15, 20% 0.1268 4.7483 0.9976 0.0030 
DE 5, 40% 0.1139 2.8447 0.9838 0.0066 
DE 10,40% 0.1097 4.0747 0.9968 0.0031 
DE 15, 40% 0.1134 4.3310 0.9915 0.0049 
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to fit the experiment data. It was particularly apparent for the soy sauce powders 
without maltodextrin addition (i.e. Figure 4.1a). As shown in Table 4.3, the predicted 
monolayer moisture contents were much smaller than the ones estimated by fitting 
into the entire aw range of up to 0.84. In addition, when the GAB model was applied 
to fit into the experimental datain the same aw range, the same Xm values were found 
with the resultant KGAB values equal to 1. In that case, the GAB model was converted 
into the BET model by indicating the multilayer molecules had a uniform energy level 
and there were no cross surface interactions (Labuza&Altunakar, 2007). The 
predicted Xm values ranged between 0.1097 and 0.1268 for the soy sauce powders 
with maltodextrin added, which were lower than that of the soy sauce powder without 
the carrier agent.Xm can be equated with the amount of water required to saturate the 
accessible binding sites both on the surface and in the bulk of the materials, and may 
therefore be considered as a hygroscopicity indicator(Chu & Chow, 2000). Therefore, 
decreases in Xm could be explained by the encapsulation effect of maltodextrins, 
which reduced the surface area exposed to water molecules(Kurozawa et al., 2009). 
4.3.2 Glass Transition Temperatures 
As shown in Table 4.4, the midpoint glass transition temperatures (Tg) of the soy 
sauce powders were lower than those reported for some other food powders 
equilibrated at similar aw levels (Tonon et al., 2009; Kurozawa et al., 2009; Tong et al., 
2008). This was most likely caused by the higher hygroscopicity of the soy sauce 
powders. Water plasticization effect on Tg was clearly observed, with the increase in 
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moisture content caused a significant decrease in Tg. Similar behaviour was reported 
for several other food products (Aguilera, 1993; Shrestha et al., 2007; Kurozawa, 
2009). Incorporating maltodextrins was able to significantly increase the Tg compared 
to the soy sauce powder without maltodextrin.  
 
Table 4.4 Tg midpoints (°C) of the soy sauce powders equilibrated at various water 
activities  
aw 20% maltodextrin 40% maltodextrin Control 
DE 5 DE 10 DE 15 DE5 DE10 DE15 Without 
maltodextrin 
0.112 30.14 29.23 26.64 45.78 45.09 43.44    -5.68 
0.226 2.13 0.77 0.575 33.13 29.62 29.16    -18.02 
0.328 -5.93 -8.42 -10.13 10.03 7.65   6.82 -26.23 
0.432 -31.94 -32.86 -33.88 -11.65 -12.59 -14.13    -45.79 
0.529 -42.96 -44.80 -45.73 -32.62 -34.60 -35.42    -60.59 
0.689 -82.25 -83.47 -83.30 -74.55 -75.31  -75.79    -90.11 
0.753 -91.25 -91.10 -87.19 -85.60 -84.45  -85.31    -96.52 
 
Figure 4.2 shows the thermograms of soy sauce powders equilibrated at aw of 0.753 
and 0.843 with maltodextrin of DE 5 added as carrier. A well-observable 
devitrification peak appeared after Tg and then was followed by melting of the crystals 
formed. The phase change couldhave been resulted from non-equilibrium ice 
formation and freeze-concentration during the rapid cooling of samples in Tg analysis. 
Therefore, ice formation (devitrification) and melting happened during the heating 
stage of Tg analysis (Sá&Sereno, 1994; Syamaladevia, 2010). According to Telis & 
Sobral (2002), slower cooling rate has been found to reduce the devitrification peak 
by allowing a maximum amount of ice to be formed. An isothermal annealing would 
even eliminate the devitrification and increase the Tg value at the same time 
(Sá&Sereno, 1994). In this research, the increased maltodextrin addition was able to 
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depress the devitrification and melting peaks of the soy sauce powders equilibrated at 
high water activities (Figure 4.2). This was most likely caused by the increased solid 
content which resulted in the decreased enthalpy of ice melting during the DSC 
analysis (Syamaladevi et al., 2009). Since the devitrification peak could interfere with 
the glass transition analysis, this research did not further evaluate the Tg values of the 
powders equilibrated over aw of 0.753.  
 
Figure 4.2 Thermograms of soy sauce powdersequilibrated at aw of 0.753 and aw of 
0.843 respectively (maltodextrin DE 5) 
 
The experimental glass transition temperatures were fitted to the Gordon-Taylor 
model(Eq 2.1, Chapter 2). The parameters obtained by a non-linear regression 
procedure are shown in Table 4.5. For all the soy sauce powders with and without 
maltodextrins, the experimental results fitted fairly well to the model, indicated by 
high R
2 





for the pure soy sauce powder was lower than that of the samples containing 
maltodextrins(71.2-96.9
o
C), showing that the high molecular weight carbohydrate 
increasedthe Tg value of the dried product. The adjustable parameter k determined the 
degree of curvature of the Tg–moisture curve. Incorporating maltodextrin could 
increase the k value of the spray dried chicken meat hydrolysates(Kurozawa et al., 
2009) and camu-camu powder(Silva et al., 2006). In this research, the same influence 
of maltodextrin on the k value was observed. The predicted results of Tgs showed that 
the maltodextrin with higher DE led to soy sauce powders with lower glass transition 
temperatures at both of the two levels of maltodextrin incorporation, although the 
difference was very small among them. Besides, Tgs of the powders produced from 40% 
maltodextrin solution showed higher estimated values than their 20% maltodextrin 
counterparts, showing a positive correlation between Tgs and maltodextrin 
incorporation level.  
 
Table 4.5 Estimated parameter values for the Gordon-Taylor model of the soy sauce 
powders 
Maltodextrin DE value 






Withoutmaltodextrin 65.52 5.46 0.9722 6.42 
DE 5, 20% 74.94 5.88 0.9800 6.91 
DE 10, 20% 73.41 5.64 0.9856 5.79 
DE 15, 20% 71.26 5.31 0.9797 6.62 
DE 5, 40% 96.94 6.29 0.9954 3.77 
DE 10, 40% 96.68 5.97 0.9923 4.78 




4.3.3 Critical Storage Conditions 
Water activity and glass transition temperature have been widely applied together to 
evaluate storage stability of various food powders (Tonon et al., 2009, Kurozawa, et 
al., 2009, Shrestha, et al., 2007). Amorphous powder products are metastable and are 
prone to caking once the storage temperature is above their Tg. The BET model 
defines the relationship between awand moisture content and the Gordon-Taylor 
model shows that of moisture content and glass transition temperature as in a binary 
system. Therefore, the equilibrium moisture content can be used as a medium to 
conjugate the two models.Figure 4.3 shows the relationship between glass transition 
temperature and water activities by plotting both the BET and Gordon-Taylor 



















































































































Figure 4.3 Relationship between the water activity, water content (g water/g dry 
matter) and glass transition temperature (°C) of the soy sauce powder (a: soy sauce 
powders without maltodextrin; b: maltodextrin DE 5, 20%; c: maltodextrin DE 10, 
20%; d: maltodextrin DE 15, 20%; e: maltodextrin DE 5, 40%; f: maltodextrin DE 10, 






Assuming the soy sauce powders will be stored at room temperature (i.e. 25
o
C) 
without flowability degradation, the critical equilibrium moisture and water activities 
corresponding to Tg at 25
o
C can be calculated by combining the BET and 
Gordon-Taylor models. The method to derive the critical moisture content and water 
activity of the powders is indicated by the two arrowed lines in Figure 4.3 and the 
calculated values for all the formulations are listed in Table 4.6. The critical water 
activity and moisture content for the soy sauce powders without maltodextrin would 
be 0.033 and 0.046, respectively. The critical values indicate that the pure soy sauce 
powders were very prone to caking or stickiness. Even stored at the lowest 
equilibrium water activity applied in this research (i.e.0.113), the pure soy sauce 
powders would be in a rubbery state which enabled bridging and agglomeration 
between particles. 
 
Table 4.6 Critical values for water activity and moisture content of soy sauce powders 
at storage temperature of 25°C 
Maltodextrin DE value 
and concentration 
Critical water activities       Critical moisture content 
       (g water/g dry matter) 
Withoutmaltodextrin 0.032 0.0464 
DE 5, 20% 0.132 0.0530 
DE 10, 20% 0.123 0.0536 
DE 15, 20% 0.114 0.0544 
DE 5, 40% 0.241 0.0714 
DE 10, 40% 0.219 0.0749 






For the powders containing maltodextrins, their critical water activities were 
increased to a range between 0.114 and 0.241. However, they are still lower than the 
reported values of other spray dried food powders using maltodextrin as a carrier 
(Roos, 1992; Kurozawa et al. 2009; Tonon et al.2009). The lower critical aw and water 
content clearly indicatethe vulnerability of the spray dried soy sauce powders in 
storage. Therefore, reducing the moisture adsorption of the soy sauce powders will be 
critical to preserving their physicochemical properties.  
 
4.4 CONCLUSION 
Both the BET and GAB models could be applied to simulate the moisture adsorption 
behaviour of soy sauce powders. However, the high salt concentration in the soy 
sauce powders made it difficult to accurately predict their monolayer moisture 
contents by using the two models. The monolayer moisture contents of the soy sauce 
powderswere obtained by applying the BET model to fit the experimental results 
withinthe aw range of 0-0.53. The strong plasticizing effect of water on glass 
transition was confirmed by measuring the Tg values of soy sauce powders 
equilibrated at different water activities. The experimental data for Tg fitted the 
Gordon-Taylorequation well. The critical storage conditions for spray dried soy sauce 
powders could be predicted by combining the BET and Gordon-Taylor models, with 
the predicted critical water activities ranging from 0.032 to 0.241 and critical moisture 
content from 0.0464 to 0.0777 (g water /dry matter), respectively. 
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CHAPTER 5: IMPACT OF SPRAY DRYING CONDITIONS 
ON THE PHYSICOCHEMICAL PROPERTIES OF SOY 
SAUCE POWDERS USING MALTODEXTRIN AS A DRYING 
CARRIER 
5.1 INTRODUCTION 
Spray drying transforms feed from a liquid or slurry form to a dry powder (Goula and 
Adamopoulos, 2008a). Continuous operations, like spray drying, are preferred over 
batch processes because of their better efficiency and economics. However, sugar-rich 
foods including soy sauce are generally difficult to be spray dried. During spray 
drying, they may remain as syrup or stick on the dryer’s wall or form unwanted 
agglomerates in the drier chamber and conveying system, resulting in a lower product 
yield and some operating problems. The sticky behavior of sugar-rich foods is 
attributed to the small molecular sugars and the wall deposition problem could be 
reduced by adding a drying aid or using dehumidified air (Bhandari et a al., 1997; 
Goula and Adamopoulos, 2008a, 2008b; Adhikari et al., 2009). Spray drying 
conditions have also been found to affect the product yield very significantly (Tonon 
et al., 2008; Telang and Thorat, 2010). 
 
In addition to the stickiness issue, optimizing process variables to achieve required 
powder properties will be another consideration in spray drying of soy sauce. The 
physicochemical properties of powders produced by spray drying depend on the 
 73 
 
process variables, such as drying air temperature, drying air flow rate, feed flow rate, 
atomization force. Therefore, it is important to study the influence of drying process 
conditions on the properties of soy sauce powders in order to produce powders with a 
high process yield and desirable properties. This chapter presents the results of such a 
study. The characterized properties included process yield, moisture content, bulk 
density, particle size distribution, and flowing behavior. Besides, soy sauce as a 
solution contains skin-forming materials like carbohydrates for dry powders and NaCl 
as well. According to Walton & Mumford (1999), diffusive migration of NaCl to 
powder surface could be controlled by drying air temperature. Therefore, in addition 
to the properties that would generally be characterized for spray-dried food powders, 
the morphology and surface chemical composition of the soy sauce powders were also 
examined with respect to the changein spray drying conditions. 
 
5.2MATERIALS & METHODS 
5.2.1 Raw Materials 
The soy sauce used was the same as those described in Section 3.2.1. Maltrin® M100 
maltodextrin was obtained from SUNTOP Pte. Ltd. (Singapore) with a DE value 
range of 9 - 12.  
 
5.2.2 Spray Drying and Experimental Design 
A pilot-scale spray dryer described previously in Section 3.2.2, Chapter 3 was used to 
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produce soy sauce powders. For each sample, 400 grams of maltodextrin were 
dissolved into 1 liter of soy sauce to form a viscous fluid. This solution was 
subsequently used as the feed for spray drying. Evaporation of moisture from liquid 
droplets to form dry particles was conducted with inlet air temperature at 140, 160, 
180 and 200°C, respectively, atomization air flow rate at 3, 4, 5 and 6 m
3
/h 
respectively, and feed flow rate at 17, 24, 32 and 42 g/min, respectively.Dried 
powders were collected from the base of a cyclone separator of the drier.  
 
5.2.3 Process Yield 
The process yield was calculated as the ratio of the amount of powders collected after 
every spray drying experiment to the initial amount of solids in the feed solution. 
 
5.2.4 Moisture Content Analysis 
About 1-2g of each spray-dried sample were weighed and placed in an oven at 100°C 
for 24 hours. The moisture content was measured in triplicate and expressed as 
percentage wet basis (i.e.100 × gwater g wet material⁄ ).  
 
5.2.5 Bulk Density 
Bulk density was determined by gently pouring soy sauce powder into a 10 cm
3 
graduate cylinder. Bulk density was calculated as the ratio of the weight (g) of the 
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5.2.6 Flowing Properties 
All soy sauce powders were tested for their flowability using a Powder Flow Analyzer 
(Stable Micro Systems, Surrey, UK) as described in Section 3.2.7. The cohesion 
coefficient (g.mm) and cohesion index (mm) were obtained by the methods described 
in Section 3.2.7. 
 
5.2.7 Particle Size Analysis 
A Laser Scattering Particle Size Analyzer as discrbed in Section 3.2.3 was used to 
measure the particle size distribution of powders. The particle size distribution curves 
of the different samples were used to compare their particle sizes. 
5.2.8 Scanning Electron Microscopy (SEM) 
Powder samples were mounted on aluminum stubs using a double-sided adhesive tape. 
The sample was then coated with platinum in a JFC-1600 sputter coater(JEOL, Tokyo, 
Japan) for 50 seconds. SEM was performed using a JSM-5200 SEM system (JEOL, 
Tokyo, Japan), which was operated at an accelerating voltage of 15kV. The samples 




5.2.9Energy Dispersive X-ray Spectrometer (EDS) 
Particle surface was scanned and its elemental composition was determined using a 
JEOL-JSM-6701 scanning electron microscope(JEOL, Tokyo, Japan) equipped with 
an energy dispersive X-ray spectrometer. EDS was performed at an accelerating 
voltage of 15 kV, a working distance of 15 mm and an acquisition time of 50 live 
seconds. 
 
5.2.10 Statistical Analysis 
One-way ANOVA was conducted for determination of differences between samples 
using the SPSS 17.0 software. Duncan’s test was employed. A probability level of p< 
0.05 was considered to be significant for all statistical procedures. 
 
5.3 RESULTS & DISCUSSION 
5.3.1Product Yield 
Product yield is an important parameter for evaluating the success of a spray drying 
process. As shown in Table 5.1, the product yield varied in a range between 37.06%～
62.45%. However, the triplicate test results had some relatively big standard 
deviations. The inlet air temperature could affect the spray drying yield very 
significantly. Reduced product yield was obtained with an increase in the inlet 
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temperature from 160°C and 200°C. When the feed flow rate increased, the mean 
value of the product yield decreased accordingly. However, the statistical analysis 
showed no significant difference between results of product yield with different feed 
flow rate. A higher product yield was reported with a reduction in the feed flow rate 
previously in the literature (Telang&Thorat, 2010; Gallo et al., 2011, Tonon et al., 
2008). An increase in the inlet air temperature was reported to increase the product 
yield to a certain extent and a further temperature increase might cause the particles to 
become sticky and hence reduce the product yield (Telang&Thorat, 2010). Similar 
results were found in this study when different inlet air temperatures and feed flow 
rates were examined. However, influence of the atomization air flow on the product 
yield was not apparently observed. Poor product yield would be expected at a low 
atomization pressure, since the reduced drying rate can result in more serious wall 
deposition (Telang&Thorat, 2010).  
 
Table 5.1 Influence of process operating conditions on product yield 
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: Feed flow rate 35g/min, inlet air temperature 160°C 
a-d
 Different letters in the same row indicate significant difference at p≤ 0.05 
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5.3.2 Bulk Density 
The spray drying conditions could influence the powder’s bulk density significantly. 
As shown in Figure 5.1(a), the bulk density decreased dramatically as the drying inlet 
air temperature increased. An opposite effect was found when the feed flow rate 
increased (Figure 5.1(b)). A significant influence of the atomization air flow on the 
bulk density of the soy sauce powders was also observed, with an increased air flow 
rate resulting in a decreased bulk density as shown in Figure 5.1(c).  
 
According to Walton (2000), increasing drying air temperature or decreasing feed 
flow rate generally resulted in a decrease in bulk density and there was a greater 
tendency for particles to be hollow. This could result from a faster evaporation rate 
































5.3.3 Particle Size Distribution 
Figure 5.2 shows the particle size distribution of the powder particles spray dried 
under different operating conditions. As shown in Figure 5.2(a), increasing inlet air 




Figure 5.1 Bulk density of the soy sauce powders under different drying conditions (a: 
Feed flow rate 27g/min, atomization air flow 4m
3
/h; b: Inlet drying temperature 160°C, 
atomization air flow 4m
3




temperature set up the structure of particles early and did not allow the particles to 
shrink during drying. Therefore, it could produce larger particles (Nijdam&Langrish, 
2006; Walton & Munford, 2000). Decreasing feed flow rate could increase the mass 
transfer rate during spray drying and was expected to generate enlarged 
particles(Reiniccius, 2001). However, the influence of the feed flow rate was not 
unambiguously shown in our study. Increasing feed flow rate might cause collisions 











Figure 5.2Particle size distribution of the soy sauce powders with different drying 






atomization air flow of 4m
3
/h; (b): Influence of feed flow rate. Withinlet drying 
temperature 160°C, atomization air flow 4m
3
/h; (c): influence of atomization air flow, 
with feed flow rate 35g/min, inlet air temperature 160°C 
 
Figure 5.2(c) shows the effect of the atomization air flow rate on the particles size 
distribution of the soy sauce powders. A higher atomization flow rate produced 
smaller droplets during the atomization process. Therefore, the size of the powders 
produced after drying showed a clear correlation to the atomization air flow rate. 
Previously, there were reported results on the influence of atomization wheel speed on 
powder particle sizes by using rotary nozzles (Pisecky, 1978; Chegini and Ghobadian, 
2005). Using a two-fluid atomization nozzle, similar effects were verified by this 
study in the spray drying of soy sauce powders.  
 
5.3.4 Cohesion Index 
According to Benkovic and Bauman (2009), a reference scale based on the cohesion 
index could be used to categorize the flow behaviour of powder samples (Table5.2). 
Low cohesion index (i.e. < 14) is associated with non-cohesive, free-flowing powders. 
High cohesion index (i.e.> 14) is associated with cohesive and poor flowing powders. 
 
Table 5.2Powder categorization scale based on the cohesion index  
(Benkovic and Bauman, 2009) 
Cohesion index  Flow behaviour 
           19 +        Extremely cohesive 
           16-19         Very cohesive 
           14-16          Cohesive 
           11-14         Easy flowing 
            11         Free flowing 
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As shown in Table 5.3, the spray dried soy sauce powders had a great variation in 
their cohesion index. Increasing the inlet air temperature resulted in a dramatic 
increase in the cohesion index of the soy sauce powders. According to the cohesion 
categorization scale in Table 5.2, extremely cohesive powders were produced when 
the drying inlet air temperature reached 180°C and above. By adjusting the feed flow 
rate, a faster drying rate resulted in an increased cohesion index on average. However, 
statistical analysis indicated that there was no significant difference between them. 
Atomization air flow rate could influence powder cohesiveness by changing particle 
size. In this study, an increased cohesion index was found when the atomization air 
flow was increased to over 5m
3
/h. However, further increasing in atomization air flow 
resulted in no significant increase in the cohesion index of the soy sauce powders.  
 
Powder cohesiveness was reported to be influenced by its particle size and moisture 
content. Larger particle size indicates that the powders are more free-flowing and less 
cohesive (Teunou et al., 1999; Landillon et al., 2008; Buma, 1971). However, an 
opposite relationship between particle size and cohesion index was observed in this 
study. An increased inlet air temperature resulted in an increased particle size. 
However, at the same time, a much higher cohesion index was obtained. In addition, 
the moisture content of the powders ranged between 6.15% and 8.55%, which should 





Table 5.3 Effect of drying conditions on the cohesion index and moisture content of 
the soy sauce powders 
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: Feed flow rate 35g/min, inlet air temperature 160°C 
a-b
 Different letters in the same row indicate significant difference at p≤ 0.05 
 
In addition to the moisture content and the particle size, the cohesiveness of powders 
could also be influenced by many other factors such as surface asperities, surface free 
energy, hardness and elasticity, and even interstitial air (Chen et al., 2010; Walton & 
Mumford, 2000b). Therefore, the cohesiveness is difficult to be modelled and 
controlled. For example, an increase in drying air temperature could result in a 
reduced particle density and also a reduced curst thickness (Walton, 2000). This could 
change the hardness and elasticity of the particles and make them become more 




5.3.5 Powder Morphology 
Figure 5.3 shows SEM micrographs of the soy sauce powders produced at different 
inlet air temperatures. All the spray dried soy sauce powders were spherical particles 
with significant heterogeneity in their size. This is in agreement with the results of 
particle size analysis described in Section 5.3.3. Those powders dried at higher inlet 
air temperatures (Figures 5.3(a) and 5.3(b)) had a relatively smoother surface than the 
ones dried under lower temperatures (Figures 5.3(c) and 5.3(d)). During spray drying, 
a higher drying air temperature could help droplets to develop a dry and hard skin 
quickly, which do not allow them to deflate and shrive subsequently. Morphological 
changes with respect to drying air temperature were reported in the literature on spray 
dried dairy powders (Walton&Munford, 1999; Nijdam&Langrish,2006).  
 
Micrographs of the soy sauce powders spray dried with a variation in the feed flow 
rate are shown in Figure 5.4. A relatively smoother surface was showed for powder 
particles dried at a reduced feed flow rate, which could result from the increased 
drying rate with a slower feed flow. Atomization air flow was able to affect droplet 
size during atomization process. In agreement with the results of particle size analyzer 
shown in Figure 5.2(c), SEM micrographs showed that increasing the atomization air 
flow could result in decreased particle sizes for the spray-dried soy sauce powders 





Figure 5.3 SEM micrographs of the soy sauce powders produced by using different 














Figure 5.4 SEM micrographs of the soy sauce powders produced by using different 
feed flow rate ( a: 19 g/min, b: 27 g/min, c:35 g/min, d: 43 g/min, inlet air temperature 






Figure 5.5 SEM micrograph of the soy sauce powders produced by using different 








/h, inlet air temperature 
160°C, feed flow rate 35g/min) 
 
Besides, there was no significant amount of NaCl found on the surface of the powder 
particles for all SEM analysis. NaCl crystals were reported to distribute mainly at the 
interior of spray dried powders formulated with NaCl (Walton&Muford, 1999; 
Chindaphan et al., 2010). According to Kim et al. (2003), during spray drying, there 
would be water diffusion towards the surface and solutes to the inner layer of a 
droplet driven by concentration gradients. Components with small molecular sizes 
will have much higher diffusivity and tend to migrate to the inner layers of powders 







small molecular size might result in its insufficient expression on the outermost 
surface of the powder particles as shown by the SEM micrographs.  
 
5.3.6 EDS Analysis for Elemental Concentration 
The soy sauce powders spray dried at different inlet air temperatures were analyzed 
by the EDS for the atomic composition on their surface. The EDS is not purely a 
surface analysis and it detects the elemental composition of bulk material in the near 
surface layer of about 1µm (Cocke et al., 1992). As shown in Figure 5.6, the crusts of 
the spray dried soy sauce powders were composed mainly of carbohydrates and NaCl, 
although NaCl could not be easily identified by the SEM. The spray drying 
temperature could influence the sub-surface NaCl concentration of the particles. 





 together increased from 17.15 ± 1.48% to 22.65 ± 2.14%, which is close to the 
bulk NaCl concentration of 22.0% calculatedbyconducting mass balance in the spray 
drying process.Walton and Mumford (1999) observed that NaCl distribution on 
powder surface increased with drying air temperature for drying a solution composed 
of NaCl and skimmed milk. The mechanismfor the increased NaCl distribution on 
surface is still not clear. A possible reason could be due to the fast crust formation on 
the droplet surface with an increased drying temperature, which could effectively 
reduce the diffusive migration of NaCl solute from droplet surface to its inner layer. 
As a result, there were more NaCl crystals residing on the powder surface or within 1 
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µm of the surface layer after spray drying.  
 
 
Figure 5.6 Crust elemental compositions of the soy sauce powders produced by using 
different inlet air temperatures 
 
5.4 CONCLUSION 
The spray drying conditions have a strong influence on the physicochemical 
properties of the spray dried soy sauce powders. Different drying conditions could 
generate soy sauce powders with different process yield, bulk density, flowing 
behaviour, particle size and morphology. Extremely cohesive soy sauce powders were 
obtained when the drying air temperature reached 180°C and above. The strong 
cohesion might be caused by the elastic deformation of the particles during the 
flowing. Although salt crystals did not tend to distribute on the outmost surface of the 













































CHAPTER 6: CHARACTERIZATION OF SPRAY DRIED SOY 
SAUCE POWDERS WITH ADDED CRYSTALLINE 
CARBOHYDRATE AND MALTODEXTRIN AS DRYING 
CARRIERS 
6.1 INTRODUCTION 
Maltodextrin has a good solubility and a high Tg, which make it a good carrier agent 
for spray drying soy sauce. However, due to its amorphous nature, maltodextrin will 
also become hygroscopic and sticky when it isexposed to a high relative humidity 
environment. In Chapters 3 and 4, the caking characteristics of the soy sauce powders 
with added malotdextrins as carrier agents were systematically studied under their 
critical storage conditions predicted. However, the results demonstrated that the spray 
dried soy sauce powders werestill very vulnerable to flowing degradations. Therefore 
it is necessary to seek for alternative drying carriers to address the stickiness or caking 
issues of soy sauce powders.  
 
As shown in Chapter 3, the spray dried soy sauce powders using maltodextrin as the 
drying carrier were mixtures of NaCl crystals and amorphous materials composed of 
carbohydrates, amino acids and proteins. The salt crystals start to dissolve only when 
equilibrium water activity reaches 0.753 (Hartmann &Palzer, 2010).Thus, salt is not 
likely to cause moisture adsorption and sintering of particles when exposed to low or 
medium relative humidity environments. However, the amorphous materials were 
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metastable and amenable for moisture adsorption and sintering of particles in a low 
relative humidity environment. According to Cano-chauca et al. (2005), adding waxy 
starch or microcrystalline cellulose as a drying aid was able to produce a partial 
crystalline surface in spray dried mango juice powders. The semi-crystalline powders 
were of less stickiness than the ones made using only maltodextrin. Therefore, to 
incorporate crystalline or semi-crystalline carbohydrates instead of maltodextrin to 
increase the crystallinity of soy sauce powders could be an approach of great potential 
to improve their stability. The crystalline carrier might produce a semi-crystalline 
powder and reduce inter-particle powder adhesions. However, due to the insoluble 
nature of large molecular carbohydrates (e.g. starch and cellulose), reconstitution of 
powders will be compromised by adding insoluble carriers.  
 
In this chapter, we will investigate the method of adding waxy starch or 
microcrystalline cellulose together with maltodextrin as carriers to produce soy sauce 
powders. The crystallinity of soy sauce powders was studied and related to the 
stickiness and caking behavior of the powders under testing conditions. It aimed to 





6.2 MATERIALS AND METHODS 
6.2.1 Raw Materials 
The soy sauce used were the same as those described in Section 
3.2.1.Microcrystalline cellulose was purchased from Sigma-Aldrich (Singapore). 
Corn waxy starch was obtained from National Starch Co. (Singapore). 
 
6.2.2 Spray Drying 
A pilot-scale spray dryer described previously in section 3.2.2, Chapter 3, was used in 
the study. The inlet air temperature was set to 160°C and outlet temperature was set to 
and maintained at 75°C according to the literature(Cano-chauca et al., 2005). The 
compression air pressure for atomization was controlled at 2 bars, with an air flow 




Drying carriers with maltodextrin DE 10 only, mixtures of maltodextrin and waxy 
starch and mixtures of maltodextrin and cellulose were added into liquid soy sauce 
respectively with a uniform carrier concentration of 30% (w/v). For the combination 
of maltodextrin and cellulose/starch, specifically, ratios of cellulose/starch to 
maltodextrin at (1:5), (2:4) and (3:3) were applied respectively. All the samples were 
spray dried into powders and stored in desiccators containing silica gel until being 
analyzed.   
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6.2.3 Scanning Electronic Microscopy (SEM) 
Method for SEM analysis was the same as the one described previously in Section 
5.2.8., Chpater 5. 
 
6.2.4X-ray Powder Diffraction (XRD) 
Method for XRD analysis was the same as the one described previously in Section 
3.2.3, Chapter 3. 
 
6.2.5 Stickiness Test 
Stickiness was determined according to the Chen and Hosney method (1995). A 
Texture analyzer (TA.XT plus, Stable Micro System, UK) was used in this study to 
provide a constant compression force and to measure the tension force. The TA.XT 
plus library program of dough stickiness was used. The compression force selected 
was at 40 g. The diameter of the plexiglass probe was 25 mm. The trigger force was 
set at 5 g. The compression travel speed for the probe was at 2 mm/s. The probe 
reversing speed was at 10 mm/s, which was the maximum reversing speed of the 




6.2.6 Caking Test 
Caking tests were carried out by using the methoddeveloped in this study and 
described previously in Section 3.2.8. Soy sauce powders were compared for their 
caking strength after being stored in a controlled environment at water activity of 0.43 
for 10 days. 
 
6.2.7 Solubility Analysis 
Solubility of all powder samples was determined according to the method of 
Cano-Chauca et al. (2005) with modifications. Specifically, 50 ml of deionized water 
was transferred into a 200 ml beaker. Five grams of soy sauce powder was added into 
the beaker and then the beaker was put onto a magnetic stirrer at 800 rpm to stir it for 
5 min at room temperature. The solution was centrifuged at 3000×g for 5 min to 
separate the insoluble substance. Then 25 ml of supernatant was transferred into a 
metal plate and oven dried at 100°C for 5 h. The Solubility (%) was calculated by 
weight of dry matters in the supernatants versus the weight of dry matters in the 
powders. 
 
6.2.8 Starch Gelatinization 
Starch gelatinization analysis was performed by using the method described in White 
et al. (1990). Using a differential scanning calorimeter(Mettler-Toledo DSC822e, 
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Switzerland), starch suspension (10% w/w) in cold water was analyzed in the 
temperature range of 25-90°C with a scanning rate of 5°C/min. In particular, the 
presence of a gelatinization endotherm peak was investigated.  
 
6.2.9 Statistical Analysis 
One-way ANOVA was conducted for determination of differences between samples 
using the SPSS 17.0 software. Duncan’s test was employed. A probability level of p ≤ 
0.05 was considered to be significant for all statistical procedures.  
 
6.3 RESULTS AND DISCUSSION 
6.3.1 SEM Analysis 
Figure 6.1 shows the SEM micrographs of soy sauce powders produced by adding 
microcrystalline cellulose and maltodextrin together as the carrier. When only 
maltodextrin was added, the powder particles were fairly spherical and had smooth  
surface for all the particles. However, with an increased ratio of cellulose to 
maltodextrin, the resultant powder particles with irregular shapes and holes on the 
surface were observed. This was probably caused by the insoluble nature of cellulose. 
During spray drying, the feed solution was atomized into tiny droplets through 
compressing air. Since maltodextrinwas well dissolved into the feed liquid，fairly 
homogenous and uniform droplets could be sprayed out and dried consequently. 
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However, with the existence of an insoluble bulking agent (i.e. cellulose), the 
homogeneity of the droplets would be changed and it was no longer isotropic, 
therefore, the spray dried powder particles displayed irregular shapes after drying.  
 
 
Figure 6.1 Scanning electron micrographs of soy sauce powders by adding cellulose 
and maltodextrin as carriers (a) cellulose to maltodextrin ratio of 0:6 (b) cellulose to 
maltodextrin ratio of 1:5 (c) cellulose to maltodextrin to ratio of 2:4 (d) cellulose to 
maltodextrin ratio of 3:3. 
 
Figure 6.2 shows the SEM micrographs of the soy sauce powders produced by adding 
mixtures of waxy starch and maltodextrin as carriers. The powder particles with waxy 
starch showed no apparent morphological difference from the one using only 
maltodextirn. It is interesting to observe that, with higher ratios of starch to 
maltodextrin (Figures 6.2 (c) and 6.2 (d)), some particles with tiny pores or small 





insoluble starch particles hindered the film formation for atomized droplets during the 
spray drying. During the spray drying, a skin developed firstly on the droplet surface, 
then followed by a deflation of the powder particles (Nijdam&Langrish, 2006). The 
waxy starch was insoluble and might damage the elasticity of the dried films and 
therefore resulted in the formation of pores on the particle surfaces.  
 
Figure 6.2 Scanning electron micrographs of soy sauce powders by adding waxy 
starch and maltodextrin as carriers (a) waxy starch to maltodextrin ratio of 0:6 (b) 
waxy starch to maltodextrin ratio of 1:5 (c) waxy starch to maltodextrin ratio of 2:4 (d) 
maltodextrin to waxy starch ratio of 3:3. 
 
6.3.2 XRD Analysis 





amorphous materials; however, crystalline materials yield sharp and defined peaks 
since they are presented in a largely ordered state. For the soy sauce powders, three 
crystalline peaks with strong intensity at about 27°(2θ), 31°(2θ), and 45°(2θ) were 
identified as NaCl crystals previously in the XRD patterns of soy sauce or fish sauce 
powders with maltodextrins as carrier (Chindaphan et al., 2010). Figure 6.3 shows the 
XRD profiles of microcrystalline cellulose alone as well as the soy sauce powders 
produced by adding mixtures of cellulose and maltodextrin. The XRD profile of 
cellulose was close to the results reported by Cano-Chauca et al. (2005), where the 
major crystalline peaks were identified to be 17.3°(2θ), 26.4°(2θ) and 40.3°(2θ) 
respectively. For the soy sauce powders containing cellulose, a new crystalline peak 
around the diffraction angle of 22°was observed, with an increased cellulose 
concentration resulting in more pronounced peak intensity. This result indicates that 
the cellulose addition could induce the formation of a partial crystalline structure in 



















































Figure 6.3 X-ray diffraction profiles of (a) microcrystalline cellulose (b) soy 
sauce powder with cellulose to maltodextrin ratio of 1:5 (c) soy sauce powder 
with cellulose to maltodextrin ratio of 2:4 (d) soy sauce powder with cellulose to 
maltodextrin ratio of 3:3. 
 
Figure 6.4 shows the XRD profiles of the powdered soy sauce produced by using 
mixtures of maltodextrin and waxy starch as the carrier. The waxy starch was 







Adding waxy starch possibly produced semi-crystalline powders if the starch did not 
fully gelatinize during the spray drying. Compared with the control samples with only 
maltodextrin addition, the powders with waxy starch addition produced new 
crystalline peaks with a very small intensity. A crystalline peak at about 23°can be 
observed for the powders with a starch to maltodextrin ratio of 3:3. However, a 
similar peak was hardly identifiable from the samples with lower starch 
concentrations. This is most likely because that the small crystalline peaks were 

















Figure 6.4 X-ray diffraction profile of (a) waxy starch (b) soy sauce powder with 
starch to maltodextrinratio of 1:5 (c) soy sauce powder with starch to maltodextrin 
ratio of 2:4 (d) soy sauce powder with starch to maltodextrin ratio of 3:3. 
 
6.3.3 Analysis of Stickiness 
Figure 6.5 shows the stickiness of the soy sauce powders produced with mixtures of 
cellulose and maltodextrin or mixtures of waxy starch and maltodextrin. The results  
 
 
Figure 6.5Stickiness of powdered soy sauce with different carrier formulations (A) 
maltodextrin only (B) waxy starch to maltodextrin ratio of 1:5 (C) waxy starch to 
maltodextrin ratio of 2:4 (D) waxy starch to maltodextrin ratio of 3:3 (E) cellulose to 
maltodextrin ratio of 1:5 (F) cellulose to maltodextrin ratio of 2:4 (G) cellulose to 
maltodextrin ratio of 3:3. 
(
a-c




showed that the stickiness of the soy sauce powders decreased significantly by 
introducing cellulose or waxy starch in the drying carriers. The decreased cohesive 
force in the stickiness test can be correlated to the increased crystallinity of the 
powders shown in the XRD profiles (Figures 6.3 and 6.4). The sticky problem of 
amorphous powders is generally recognized as a result of glass transition. The 
stickiness point is a temperature at about 10-20°C above the glass transition 
temperature, and various techniques and instruments have been developed for 
characterizing the stickiness behavior of powder particles (Adhikari et al., 2005; 
Boonyai et al., 2004). However, recently, the surface composition of powder particles 
has been found to significantly affect the stickiness of spray dried food powders 
(Adhikari et al., 2009; Cano-chauca et al., 2005). According to Cano-chaucaet al. 
(2005), a decrease in the stickiness of mango juice powders was caused by the 
formation of a crystalline surface after adding microcrystalline cellulose. In this 
research, as the XRD results only indicated crystallinity of an entire powder particle, 
its surface characteristic is not conclusive and requires further investigations.  
 
6.3.4 Caking Test 
The caking test result (Figure 6.6) showed that adding cellulose or waxy starch at a 
certain concentration could reduce the caking strength of the soy sauce powders. 
Specifically, a significant reduction in the caking strength was found for the powders 
when a maltodextrin to starch ratio of 1:5 as well as a maltodextrin to cellulose ratio 
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of 2:4 were applied. A less caking strength was found in the powders with a higher 
concentration of cellulose (i.e. at the maltodextrin to cellulose ratios of 2:4 and 3:3) 
than their starch counterparts, although the two carbohydrates did not show a 
significant difference in the stickiness tests.  
 
 
Figure 6.6 Caking strength of powdered soy sauce with different carrier formulations 
(A) maltodextrin only (B) waxy starch to maltodextrin ratio of 1:5 (C) waxy starch to 
maltodextrin ratio of 2:4 (D) waxy starch to maltodextrin ratio of 3:3 (E) cellulose to 
maltodextrin ratio of 1:5(F) cellulose to maltodextrin ratio of 2:4 (G) cellulose to 
maltodextrin ratio of 3:3. 
(
a-dDifferent letters indicate significant difference at p≤ 0.05) 
 
Caking is a deleterious phenomenon during which free flowing powders are 
transformed into lumps and agglomerates. The caking severity of hygroscopic food 
powders is affected mainly by factors like Tg, powder morphology, particle size 
(Aguilera et al., 1995; Fitzpatrick et al., 2007). In this research, the stickiness between 
the powders produced by adding cellulose or starch with similar doses had no 
significant difference. Therefore, the caking strength difference found here was more 
likely due to particle size or morphological changes. As mentioned above, the powder 
particles containing cellulose displayed irregular shapes and winkled surfaces in 
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contrast to the relatively spherical and smooth surface of the powders containing 
waxy starch. It is possible that the morphological difference had affected caking 
behavior of the soy sauce powders with the two different drying carriers.   
 
6.3.5 Solubility of soy sauce powders 
Figure 6.7 shows the solubility of the soy sauce powders with different cellulose or 
starch concentrations. The results indicated that the soy sauce powders with only 
maltodextrin as the carrier had a high degree of solubility, reaching a value of 97.9%. 
However, after adding starch or microcrystalline cellulose, the powder solubility 
decreased significantly. For the powders with a waxy starch or cellulose to 
maltodextrin ratio of 3:3, their solubility was reduced to 80.2% and 80.8%, 
respectively. Cano-Chauca et al. (2005) reported a similar effect of microcrystalline 
cellulose or waxy starch on the solubility of spray dried mango juice powders. Native 
starch is completely water insoluble without gelatinization. Ferrari et al. (1997) 
reported that spray drying itself was not capable of inducing waxy starch 
gelatinization. In this research, it was quite possible that the waxy starch still existed 
in its native state after the spay drying. Therefore, it was reasonable to find a 
decreased solubility with an increased waxy starch concentration. The same effect on 
the solubility was found by adding microcrystalline cellulose, which is also water 
insoluble and has high degradation temperature over 250°C (El-Sakhawy& Hassan, 




Figure 6.7 Solubility of powdered soy sauce with different carrier formulations (A) 
maltodextrin only (B) waxy starch to maltodextrin ratio of 1:5 (C) waxy starch to 
maltodextrin ratio of 2:4 (D) waxy starch to maltodextrin ratio of 3:3 (E) cellulose to 
maltodextrin ratio of 1:5 (F) cellulose to maltodextrin ratio of 2:4 (G) cellulose to 
maltodextrin ratio of 3:3. 
(
a-d
 Different letters indicate significant difference at p≤ 0.05) 
 
6.3.6 Starch Gelatinization Analysis 
Figure 6.8 shows the thermogram of the water insoluble sediments separated from the 
soy sauce powders produced by adding waxy starch. Native starch without spray 
drying was also analyzed using the same thermal program for determining its 
gelatinization temperature. The results showed that the sediments presented a clear 
endothermic peak at the same temperature as that for the native starch gelatinization. 
It verified that the spray drying with a very short heating time could not induce a full 
gelatinization of waxy starch (Ferrari et al., 1997). The starch without gelatinization 
could still preserve its semi-crystalline structure, which was also confirmed by the 














Figure 6.8 DSC thermograms of 10% (w/w) water suspension of (A) native waxy 
starch (B) insoluble fraction of soy sauce powders with starch to maltodextrin ratio of 
1:5 (C) insoluble fraction of soy sauce powders with starch to maltodextrin ratio of 




Cellulose or waxy starch used together with maltodextrinas the drying carrier could 
induce partial cyrstallinity of the soy sauce powders made by spray drying liquid soy 
sauce. The resultant soy sauce powders were significantly less sticky and less prone to 
cake when the starch or cellulose wasabove certain concentrations. This was probably 
resulted from the increased crystallinity of the powders as shown by the XRD analysis. 






CHAPTER 7: CHARACTERISTICS OF SOY SAUCE POWDERS 
SPRAY-DRIED USING DAIRY WHEY PROTENS AND 
MALTODEXTRINS AS DRYING CARRIERS 
7.1 INTRODUCTION 
In Chapter 6, we studied the caking characteristics of soy sauce powders by adding 
waxy starch or microcrystalline cellulose together with maltodextrin as drying carriers. 
Although the stickiness and caking strength of the soy sauce powderscould be reduced 
to a certain extent by using the crystalline carbohydrates, it resulted in the 
powders’poor reconstitution property. Furthermore, the presence of insoluble, fine 
particles in the soy sauce powders couldhave a negative impact on their organoleptic 
properties and result in the consumer’s disapproval. Therefore, it is necessary to find 
alternative carriers for producing soy sauce powders with high storage stability.  
 
Whey proteins have been widely applied in the microencapsulationof flavours, oils, 
and micronutrients, where they function as a wall material on the particle surface to 
prevent oxidative damage and release of the core materials(Jayasundera et al., 2009; 
Gharsallaoui et al., 2007). Recently, it was found that milk proteins could also be 
applied in spray dryingsugars and sugar-rich foodsby reducing wall deposition during 
spray drying (Adhikari et al., 2007; Adhikari et al., 2009; Jayasunderaet al., 2011). 
However, in these studies the effect of milk proteins on powder storage stability after 
spray drying was not evaluated. 
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So far, there has been little published work on the spray drying of soy sauce powders 
using proteins as a drying carrier. Moreover, the effects of milk proteins as a drying 
carrier on the properties of spray-dried food powders have not been characterized. 
Therefore, it is of value to study the caking characteristics of spray dried soy sauce 
powders by adding whey proteins as a drying carrier. In this study, whey protein 
isolate (WPI) was used as a complementary drying carrier together with maltodextrin 
to produce soy sauce powders. The effects of WPI dosage on product yield and 
powder characteristicsrelevant to caking were examined and compared. 
 
7.2 MATERIALS AND METHODS 
7.2.1 Raw Materials 
The defatted soy sauce used for this study was the same as it was described in Section 
3.2.1.  Drying carriers used were maltodextrin MALTRIN
®
 M40 (Grain Processing, 
USA) with dextrose equivalent (DE) of 5 and Whey Protein Isolate 895 (Fonterra, 
New Zealand).The WPI contained more than 92% proteins (wet basis)according to the 
specification.  
 
7.2.2 Spray Drying 
WPI and maltodextrin were dissolved into one litre of soy sauce according to the 
quantity described in Table 7.1. Thus, the total solid content in the feed mixture was 
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75%. For every formulation, three batches of powders were produced. 
 
A pilot-scale spray dryer as described in Section 3.3.2 was used to produce soy sauce 
powders.The inlet temperature of drying air was at 150°C and the outlet temperature 
was maintained at 75°C by adjusting the feed flow rate via the peristaltic pump. The 
compression air pressure for atomization was controlled at 2 bars, with an air flow 
rate of 4m
3
/h. Dried powders were collected from the base of a cyclone separator of 
the drier. 
 
Table 7.1Formulations of soy sauce powder added with WPI and maltodextrin 
Sample Formulation 
Soy Sauce 
(35% solid content) 
WPI Maltodextrin                 
40%MD (Control) 1 L - 400 g 
5%WPI+35%MD 1 L 50 g 350 g 
10%WPI+30%MD 1 L 100 g 300 g 
15%WPI+25%MD 1 L 150 g 250 g 
 
7.2.3 Product Yield 
The product yield was calculatedin the same method as described in Section 5.2.3, 
Chapter 5. 
7.2.4 Moisture Content 
Moistue content of the soy sauce powders was analyzed in the same method as 
described in Section 5.2.4, Chapter 5. 
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7.2.5 Particle Size 
A Laser Scattering Particle Size Analyzer as discrbed in Section 3.2.3 was used to 
measure the particle size distribution of powders. The refractive index of ethanol and 
the stationary iteration number were set at 1.36 and 15, respectively. All samples were 
tested in triplicate. The particle size of powders was expressed as the median diameter 
measured by the instrument. 
 
7.2.6 Cohesion Index 
All soy sauce powders were tested for their cohesiveness using a Powder Flow 
Analyzer(Stable Micro Systems, Surrey, UK) as described in section 3.2.7.The 
cohesion coefficient (g.mm) and cohesion index (mm) were obtained by the methods 
described in Section 3.2.7. 
 
7.2.7 Scanning Electron Microscopy (SEM) 
Method for SEM analysis were the same as described previously in Section 5.2.8, 
Chapter 5. 
 
7.2.8 Glass Transition Temperature 
Glass transition temperature (Tg) was measured by a Differential Scanning 





until it reached at -60
o
C, held at -60
o





C. Tg was analysed by STARe software (Version 8.01, 
Mettler-Toledo, Switzerland), and taken at the midpoint of phase transition.  
 
Glass-rubber transition temperature (Tg-r) was tested by a Thermal Mechanical 
Compression Test (TMCT) system using the method described in Boonyai et al 
(2007). A thin layer of powder (1~2 g) was dispersed in a sample holderwhich was 
attached to a Heater Controller (Cynebar, Australia) and a Texture Analyzer-XT2i 
(Stable Micro System, UK) with a 50 kg load cell. The Texture Analyzer used Texture 
Exponent software to monitor changes in the compressibility of the powder bed, 
which was expressed by the probe displacement under a temperature scan of 
30
o
C/min. A blank was also tested to subtract the probe displacement contributed by 
sample holder expansion during heating.All samples were tested in triplicate. 
 
7.2.9 X-ray Photoelectron Spectroscopy (XPS) 
The surface analysis of the sample was carried out using a Thermo Scientific (Thermo 
Scientific, U.K.). Monochromatic Al Ka X-ray (hν=1486.6eV) was employed for the 
analysis with an incident angle of 30º with respect to surface normal. Photoelectrons 
were collected at a take-off angle of 50ºwith respect to surface normal. The analysis 
area was approximately 200µm in diameter while the maximum analysis depth was in 
the range of 4-10nm. Survey spectra were acquired for surface elemental 
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identification and composition calculation. 
 
7.2.10 Caking Test 
Caking tests were carried out by using the method developed in this study and 
mentioned previously in Section 3.2.8.Soy sauce powdersused for caking tests were 
prepared and compacted according the same method. Then, plastic bottles containing 
the powders was tightly sealed and placed in an oven at 80 
o
C for 2, 24, and 48 hours 
respectively. At the end of storage, cakes formed in the bottles were gently taken out 
and tested for caking strength by using the Texture Analyzer.All powder samples were 
tested in triplicate. 
 
7.2.11 Statistical Analysis 
One-way ANOVA test was performed for determination of differences between 
samples using Duncan’s test in SPSS 20.0 software. A significance level of p < 0.05 
was applied to all statistical procedures. 
 
7.3 RESULTS AND DISCUSSION 
7.3.1 Product Yield, Moisture Content and Particle Size 
Product yield is one of the major concerns for a spray drying process as it is closely 
 113 
 
related to the productioncost and efficiency. Residual moisture and particle size are 
also among the essential criteria for quality control, as they may affect product 
acceptability, application, and stability(Barbosa-Canovas, 2005). As shown in Table 
7.2, all samples with the addition of WPI as a complementary drying carriershowed 
an increased product yield than the control. However, no significant difference was 
found among their residual moisture contents and particle sizes. 
 
Table 7.2 Product yield, residual moisture, andparticle size of soy sauce powder with 









40%MD (Control) 58.4 ± 5.0 
a
 6.91 ± 0.14
 a
 26.3 ± 6.4 
a
 
5%WPI+35%MD 78.7 ± 10.2
 b
 6.99 ± 0.63
 a
 28.3 ± 5.2
 a
 
10%WPI+30%MD 85.2 ± 8.5
 b
 7.73 ± 0.48
 a
 29.0 ± 3.8
 a
 
15%WPI+25%MD 86.8 ± 9.6
 b
 7.38 ± 0.91
 a
 33.4 ± 3.5
 a
 
* Different letters within each column indicate significant difference at p<0.05. 
 
With the addition of only 5% WPI into the feed, the product yield was increased from 
58.4 ± 5.0% to 78.7 ± 10.2%, which wasa significantincrease. However, higher 
concentrations (i.e.10% and 15%) of WPI did not result in any further increase in the 
yield. Adhikari et al. (2007) used WPI as a complementary drying carrier of 
maltodextrin (DE = 6) for spray drying of honey powder, which showed similar 
results. It was reported that with a formulation of 5% WPI + 45% MD, the recovery of 
honey powder was increased to 80.1%, as compared to 28.4% of recovery when 50% 
maltodextrin was used. However, increasing WPI addition to 10%resulted in 82.2% of 
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powder recovery, which was a negligible increase as compared with5% WPI addition. 
A significant improvement of product yield by adding WPI or NaCas was also found 
in the production of other food powders including sugars and honey(Adhikari et al., 
2007; 2009a; 2009b). The authors proposed thatWPI was a strong surfactant that was 
able to preferentially migrate to the droplet-air interface. Thus, a high-protein-content 
film on the particle surface was formed immediately upon contact with the hot air 
inside the dryer. The skin was at a glassy state with high Tg, which could resist 
coalescence when droplets came into contact as well as adherence to the dryer wall. 
As a result, more powders were produced. Soy sauce contains a large amount of 
simple sugars(Tamotsu, 1986), which could result in a wall deposition of the powder 
during spray drying. Hence the proposed mechanism of protein surface activity might 
be the reason for the higher yields of the soy sauce powders in our study. 
 
7.3.2 Particle Morphology 
SEM micrographs were made for the spray dried soy sauce powders with different 
concentrations of WPI and maltodextrin added as drying carriers. As shown in Figure 
7.1 (a), the soy sauce powder of 40% MD had a spherical shape. In contrast, Figures 
7.1 (b), (c), and (d) show that the addition of different levels of WPI all resulted in 
particles with wrinkled surfaces. Formation of wrinkled surface is a common 
phenomenon in spray dried food powders when there is a rapid skin or crust formation 
for droplets during the early stages of drying, whichhas been found in spray drying to 
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produce milk powders and milk protein richfoods (Wang & Langrish, 2010). 
Moreover, it was suggested thatunder the same processing method, this phenomenon 
was largely affected by the composition of particles (Wang & Langrish, 2010; Kim et 
al., 2009). WPI might be responsible for the formation of wrinkled surface of the soy 
sauce powders. Due to their high surface activity, proteins formed a thin layer on the 
particle surface, in which the protein molecules were bound together by hydrophobic 
interaction and had low lateral mobility. As water continued to evaporate from the 
droplet, such protein-rich layer was very stable due to the thickness and elasticity of 
the protein-richlayer (Jayasundera et al., 2009a). The increased flexibility of the skin 
contributed by WPI might allow shrinkage of the particle during drying without 
rupturing the skin. Therefore, the particles showed more wrinkles and roughness on 
their surfaces (Wang & Langrish, 2010).In addition, protein over-expression on the 
particle surface could occur even at very low concentrations in the bulk material.This 
probably explainedthe morphological change in the soy sauce powders at a WPI 







Figure 7.1 SEM micrographs of the spray dried soysauce powders with different 
formulations: (a) 40% MD, (b)5% WPI + 35% MD, (c) 10% WPI + 30% MD, (d) 15% 
WPI + 25% MD. 
7.3.3 Cohesiveness 
Cohesiveness is an important indicator for powder flowing properties. Inthis study, 
cohesiveness was expressed by the measured cohesion index. A higher cohesion index 
indicates a higher cohesiveness of the powder, and thus poor flowability. The 
cohesion indices of the soy sauce powders spray dried with different concentrations of 
WPI are shown in Figure 7.2. The results showed that the increasing addition of WPI 










Figure 7.2Cohesion index of spray dried soy sauce powder with different 
formulations 
 
Powder cohesiveness could be affected by particle size, moisture content, particle 
shape, surface composition, etc. Smaller particle size could result in higher Van der 
Waals forces and larger areas for surface contact (Wang & Langrish, 2010). Increasing 
moisture content, especially on particle surface, tends to increase the cohesiveness 
due to water plasticization of the surface materials, which makes the surface to 
become a viscous flow(Fitzpatrick et al., 2007). However, the results in Table 7.2 
showed that the spray dried soy sauce powders were similar in particle size and 
moisture content, while the SEM results(Figure 7.1) revealed that the particle surface 
morphologies were different. It has been suggested that particles with wrinkled or 
folded surfaces might have less contact areas between the particles, compared to 
spherical particles, which could result in less inter-particle attractions and a lower 
chance for inter-particle bridging and hence less cohesiveness (Wang & Langrish, 
2010). However, the actual differences in the cohesion indices obtained were very 


























40% MD 5% WPI + 35% MD 10% WPI + 30% MD 15% WPI + 25% MD
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15% WPI+25% MD), which might not be enough to have a significant impact on the 
actual powder flow behaviour during production, transportation, or application. 
 
7.3.4 Glass Transition Temperature 
Results of glass transition temperatures obtained from DSC and TMCT measurements 
respectively are shown in Table 7.3. For each of the twotesting methods, a gradual 
increase in the Tgcould be found as the concentration of WPI was increased, albeit the 
increase was small. Itwas also showed that within each formulation, TMCT tended to 
produce a higher value than DSC, with a general difference of about 30
o
C between the 
Tg measured by DSC and Tg-r measured by TMCT.The measurement in DSC is based 
on the change in heatcapacity of a material. However, TMCT is based on the principle 
that an amorphous sample undercompression and heating suddenlytransforms from a 
glassy state to a rubbery state, resulting in a sudden displacementof the compression 
probe(Boonyai et al., 2006; Shrestha et al., 2005). Although both methods are 
intended to measure the glassy to rubbery state change of amorphous materials, a 
differencebetween the tested Tg andTg-r values often exists. It has been found that 
Tg-rmeasured by TMCT could be higher than Tg measured by DSC(Boonyai et al., 
2006; Shrestha et al., 2007). When testing spray dried orange juice using maltodextrin 
as a drying carrier, the Tg-r values measured by TMCT were found significantly higher 










obtained between the DSC and TMCT testing results, which was within the ranges 
found in the literature.The higher Tg-r obtained by TMCT could be attributed to the 
presence of large molecular weight polymers (i.e. maltodextrin and WPI) in the soy 
sauce powders. It was suggested that in TMCT, the presence of a large amount of 
polymers (such as proteins and polysaccharides) could mask the small mechanical 
changes brought aboutby glass transition of amorphous small molecular materials, 
since they could be absorbed into the larger molecules (Boonyai et al., 2006; Boonyai 
et al., 2007). In contrast, the DSC measurement based on endothermal changes in the 
apparent specific heat of the material was found to be more sensitive for small 
molecules, while in large molecules this endothermal change could not be detected 
easily (Shrestha et al., 2007).  
 
Table 7.3 Comparison of glass transition temperatures of spray dried soy sauce 
powders with WPI, measured by DSC and TMCT respectively.* 








40%MD (Control) 47.8 ± 2.0 
a
 77 ± 2
a
 
5%WPI+35%MD 48.9 ± 0.5
 ab
 81 ± 2
b
 
10%WPI+30%MD 49.6 ± 1.9
 ab
 81 ± 4
b
 
15%WPI+25%MD 50.8 ± 1.6
 b
 82 ± 3
b
 
* Different letters within each column indicate significant difference at p<0.05. 
 
7.3.5 XPS Analysis for Surface Atomic Composition 
Table 7.4 shows the XPS analysis results of the spray dried soy sauce powders with 
different levels of WPI addition. The results showed that with an increasing amount of 
WPI addition, the surface nitrogen concentration of the soy sauce powder increased 
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accordingly. Soy sauce is a complex mixture of various nitrogen-containing 
compounds including proteins, amino acids, melanoidin.(Tamotsu, 
1986;Obretenov&Vernin, 1998). During spray drying, migration of these components 
to the droplet surface is throughcompetition based on their surface affinity, diffusivity, 
local concentration gradient, etc. Therefore, whey proteins as one of the 
nitrogen-containing components could be hardly distinguished from the other 
compounds through a surface elemental analysis. A maximum percentage of protein 
concentration could be estimated by assuming that all nitrogen-containing compounds 
distributed on the powder surface were whey proteins. Therefore, the maximum value 
could be calculated through a simple conversion from nitrogento whey proteins. The 
estimated maximum protein concentrations ranged between 58.5 to 73.3% on the 
powder surface by adding WPI as a complementary drying carrier. These values fall 
within the reported ranges of surface protein concentrationinother spray dried food 
powders with addition of milk proteins, which were from 55.4±4.92% to 89.3±0.05% 
(Fäldt&Bergenståhl, 1994; Adhikari et al., 2009a;Jayasundera et al., 2011b). 
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The surface chlorine and sodium concentrations of the soy sauce powders are also 
shown in Table 7.4. With an estimated bulk NaCl concentration of 22% (wt) for all the 
soy sauce powders, the NaCl content on their surface was found to be much less than 
it was in the bulk. It demonstrated again that the NaCl distribution on the outermost 
surface of the spray dried soy sauce powders was very limited, which is in agreement 
with the literature (Walton &Muford, 1999; Chindaphan et al., 2010). According to 
Kim et al. (2003), the diffusivity of different components in the feed during spray 
drying was largely determined by their molecular size. Components with small 
molecular size had a much higher diffusivity and tended to migrate to the inner layers 
of powders while being spray dried. In this research, WPI had a larger molecular size 
than maltodextrin DE5, indicating their diffusivity difference. This was probably the 
reason for that the NaCl distribution on the powder surface decreased as the WPI 
addition increased. It is interesting to note a higher percentage of chlorine than 
sodium for all the soy sauce powders tested. It might be due to the existence of other 
chloridesalts (e.g. KCl) and the residual chlorine in water.  
 
Because of the complex composition of soy sauce, the preferential migration of whey 
proteins to the powder surface could not be easily verified. An alternative approach 
was adopted to compare a predicted surface nitrogen composition with the results 
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obtained from XPS analysis. The surface nitrogen concentration could be predicted by 
judging the total nitrogen content of all the ingredients added to produce soy sauce 
powders. Assumptions of an ideal mixing for all the ingredients in the feed solution as 
well as the none-existence of protein affinity to the powder surface were made. With 
this method, surface nitrogenconcentrations of the soy sauce powders were predicted 
through a nitrogenbalance. The predicted surface nitrogen concentration (NP%) was 
compared with the results of XPS analysis (NA%), as shown in Table 7.5. There was a 
pronounced increase in the tested surface nitrogen concentration by comparing with 
their predicted values. This indicates that nitrogen-containing molecules, most likely 
the whey proteins, did have an affinity to distribute on the surface of the spray dried 
soy sauce powders. In addition, for the soy sauce powders without WPI addition, an 
over-expression of nitrogen-containing compounds on the powder surface was still 
clearly shown. This suggests that some nitrogen-containing compoundsnaturally 
existing in the soy sauce also preferred to distribute on the outermost surface of the 
soy sauce powders. 
 
Table 7.5 Comparison between predicted surface nitrogen content and XPS analysis  
a
NP represents the surface nitrogen atomic concentration predicted from nitrogen balance of the 
raw materials used in producing soy sauce powders, assuming even distribution of all 
components throughout the powder. 
b






40% MD 2.0 6.6 4.6 
5%WPI +35%MD 2.9 7.9 5.0 
10%WPI+20%MD 3.8 9.3 5.5 
15% WPI+20%MD 4.7 9.9 5.2 
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7.3.6 Caking Test 
Spray dried soy sauce powders were stored at 80
o
C for 2, 24, and 48 hours to study 
the caking kinetics of the powders at high storage temperature. Results of the caking 





By comparing the caking strength among the control andthe powders produced with 
5%, 10%, and 15% WPI added in the feed solution, it was found that for all storage 
times, significant differences in the caking strength were observed between the 
control andthe soy sauce powders containing WPI. However, increasing WPI from5% 
to 10% and 15% did not result in any further significant reduction in the caking 
strength. On the other hand, it was found that all the samples had shown a significant 
































40% MD 5% WPI + 35% MD 10% WPI + 30% MD 15% WPI + 25% MD
Figure 7.3 Caking kinetics of soy sauce powders heated at 80
 o
C. 





However, when the storage time was increased from 24 h to 48 h, no further increase 
in the caking strength was found in all the samples. Moreover, the increase in the 
caking strength from 2 h to 24 h found in the control sample was more pronounced 
than those in the samples containing WPI. 
 
In order to obtain a deep insight into the caking behaviour, SEM was conducted to 
investigate the morphology of the powder samples after 48 hours of heating at 80
 o
C. 
The SEM micrographs (Figure 7.4) show that when there was no WPI added (Figure 
7.4(a)) the original spherical shape (shown in Figure 7.1(a)) of the particles could 
barely be observed. Instead, most particles built bridges or were agglomerated with 
their neighbouring particles through a sintering process, resulting in deformation of 
the particle structure. In contrast, the SEM micrographs in Figures 7.4(b), (c), and (d) 
show that the soy sauce powders with addition of WPI had no significant 
agglomeration between particles. They showed similar patterns to their original 
morphology as shown in Figures 7.1(b), (c), and (d). The SEM micrographs suggest 
that the inter-particle bridging and agglomeration in the formulation of 40% MD 
might result in an increase in the adhesion force between particles. As a result, higher 
strength was found in the powder cakes of 40% MD formulation. In contrast, the 
samples with WPI had less inter-particle bridges formed and therefore had lower 




Figure 7.4 SEM image of soy sauce powders with different concentrations ofWPI 
under heat-induced caking at 48 hours: (a) 40% MD, (b) 5% WPI + 35% MD, (c) 
10% WPI + 30% MD, (d) 15% WPI + 25% MD. 
 
With respect to the relationship between caking development and glass transition, the 
Tg values obtained by TMCT were more meaningful than the results tested by DSC in 
predicting the caking behaviour of the soy sauce powders. In heating the powders to 
induce caking, cake formationwas only detectable when the temperature was 
increased to 80
o
C. This was consistent with the Tg-r measured by TMCT, which was 
also around 80
o
C. Moreover, it should be noted that the outlet air temperature in the 
spray dryer was 75
o
C. IfTg of the soy sauce powders was at the same value as DSC 
analyzed, the powders should haveexperienced severe stickiness and cakingduring the 







yields obtained in this study might indicate that the product Tg was actually higher 
than its outlet drying air temperature.  
 
Because of the surface activity of milk proteins, the surface Tg instead of bulk Tg of 
the powders was thought to have a more profound effect on preventing the stickiness 
of food powders with milk proteins (Adhikari et al., 2009; Wang & Langrish, 2010). 
In those studies, the surface protein coverage of spray dried sugars was studied and 
quantified by using XPS. A higher surface Tg contributed by milk proteins was 
thought to be responsible for the decreased stickiness of the powders at high 
temperatures during spray drying. In this study, the surface protein concentration of 
the soy sauce powders could not be accurately quantified due to the interference from 
other nitrogen-containing components. However, preferential migration of the WPI to 
the powder surface was still supported by the XPS analysis results, which might be 
responsible for the reduced caking behaviour of the powders with WPI as a 
complementary drying carrier. The surface of the soy sauce powders produced with 
40% maltodextrin in the feed solution was also covered with nitrogen-containing 
components in the soy sauce like proteins, peptides. They had been digested by the 
proteases produced by microorganisms during the long time brewing process for soy 
sauce production (Su et al., 2005). These decomposed molecules might not be able to 
increase the surface Tg of the soy sauce powders because of their small molecular size. 
On the contrary, WPI had a high Tg calculated to be 153 
o
C (Adhikari et al., 2009b). It 






smallmolecules and increase the powder surface Tg accordingly. As a result, higher 
stability of the powders with WPI addition was found in the caking test. Besides, 
according to Wang & Langrish (2010), the wrinkled or folded surface formed by WPI 
couldhave reduced the chances for inter-particle bridge formation at an elevated 
temperature.However, further investigations are needed to verify the exact 
mechanisms and their relative contributions to the powders produced. 
 
7.4 CONCLUSION 
The effects of adding WPI as a complementary drying carrier of maltodextrin in the 
spray drying of soy sauce have been investigated. The results showed that when just 5% 
WPI was added in the feed solution, the product yield was significantly increased by 
20% compared to the control, while increasing the WPI concentration to 10% and 15% 
had a similar yield to 5% WPI addition.SEM results showed that addition of WPI 
resulted in wrinkled particle surface, suggesting a preferential migration of WPI to the 
particle surface. XPS analysis supported the WPI’s strong affinity to distribute on the 
powder surface. Tgvalues obtained by TMCT were more meaningful than those by 
DSC in predicting the caking behaviour of the soy sauce powders. Adding WPI was 






CHAPTER 8: ACRYLAMIDE FORMATION IN SOY SAUCE 
POWDER AND THERMALLY PROCESSED LIQUID SOY 
SAUCE 
8.1 INTRODUCTION 
The previous studies from Chapter 3 to 7 were all focused on the caking issue of the 
soy sauce powders. In this chapter, we will study the acrylamide formation in the 
liquid soy sauce and spray dried soy sauce powders to address the safety 
concernabout heat-treatment of soy sauce including spray drying. As mentioned in 
Section 2.3.1 in Chapter 2, the idea of adding curcumin into the soy sauce to create 
functional food might create potential problem of increased arylamide formation, 
resulting from the reaction between crucumin and the asparagine in soy 
sauce(Hamzalioglu et al., 2011). Therefore, it is necessary to monitor the acrylamide 
formation in the liquid soy sauce and spray dried soy sauce powders with the presence 
of curcumin. 
 
The purpose of this chapter was to determine if thermal processing of liquid soy sauce 
would significantly elevate the formation of acrylamide, either in spray drying of soy 
sauce or in heating it at a high temperature. At the same time, the effect of adding 
curcumin into soy sauce on the amount of acrylamide formation would also be 
evaluated. The reaction kinetics of acrylamide formation in heat-treated liquid soy 
sauce with or without curcumin were investigated and compared accordingly. 
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8.2 MATERIALS AND METHODS 
8.2.1 Material and Regents 
Naturally brewed soy sauce was obtained from Kikkoman Pte. Ltd. (Singapore); its 
composition included 10.3% of proteins, 8.1% of carbohydrates, 16.5% of NaCl and 
the rest being water. Curcumin powder of 95% purity was obtained from Hebei Food 
Additive Company Limited, China.The densityof the soy saucewas measured to be 
1.147 g/mL. 
 
Acrylamide (2-propene amide) and [
13
C3]-acrylamide (99.8% and 98% assay purity) 
were obtained from Sigma Aldrich, USA. Acetonitrile (analytical grade) and methanol 
(HPLC grade) were obtained from MERCK, Germany. Hexane (HPLC grade) was 
obtained from Tedia, USA. The dispersive solid phase extraction (dSPE) was supplied 
by Agilent Technologies, Germany. Anhydrous magnesium sulfate (reagent grade, 97% 
purity) was obtained from Sigma Aldrich, USA. Sodium chloride (extra pure grade) 
was obtained from GCE Chemicals, Sweden. 
 
8.2.2 Standard Solutions 
Stock solution of 1 mg/mL acrylamide and [
13
C3]-acrylamide were separately 
prepared by dissolving 50 mg of acrylamide and [
13
C3]-acrylamide respectivelyin 
acetonitrile in a 50 mL volumetric flask. The solutions were stored in amber glass 
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bottles at 4 °C. Standard solutions were all prepared in triplicate and stored at 4°C for 
not more than 1 month. Stock solution of0.1mL was diluted with distilled water to 10 
μg/mL acrylamide solutions in a 10 mL dilution flask. Further dilutions were made 
with distilled water to 4, 10, 20, 40, 100, 200, 300, 500, 600 and 1000 ng/mL 
respectively.0.1 mL of the [
13
C3]-acrylamide stock of 1 mg/mLwas diluted with 
distilled water in a 50mL volumetric flask to obtain 2 μg/mL solutions used for 
spiking. One mL standard solutions of 2, 5, 10, 20, 50, 100, 150, 250, 300 and 500 
ng/mL of acrylamide each with 1000 ng/mL [
13
C3]-acrylamide internal standard were 
prepared in amber HPLC vials supplied by Alltech, USA.  
 
8.2.3 Spray Drying of Soy Sauce 
To produce soy sauce powders without curcumin, maltodextrin was dissolved into soy 
sauce at a dosage of 35% (w/v) to prepare the feed solution. Forsoy sauce powders 
with curcumin, curcumin and maltodextrin respectively at dosages of 5% and 35% 
(w/v) was added into soy sauce together to prepare the feed solutionbefore being 
spray dried. 
 
A pilot-scale spray dryer as described in Section 3.2.2 Chapter 3 was used to spray 
dry the feed solution. The inlet drying temperature applied was 140°C, 160°C, 180°C, 
and 200°C respectively for both feed solutions with curcumin or without curcumin.A 
fixed flow rate of 27 g/mL was maintained by a peristaltic pump (Masterflex, 
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USA). The compression air pressure for atomization was controlled at 3bars, with an 
air flow rate of 4 m
3
/h. Samples of the spray-dried powders were collected from the 
base of a cyclone separator of the drier. 
 
8.2.4 Sample Preparation of Heat-Treated Soy Sauce 
For the initial trials involving heat-treated samples, the same composition of soy 
sauce (10 mL), maltodextrin (35%) and curcumin (5%) was weighed and added into a 
50mL blue cap glass bottle before being placed in an autoclave (Hirayama, Japan) set 
at 121 °C for 0 (no heating), 20, 40 and 60 minutes respectively. Extraction was 
carried out on the following day. It has to be noted that while the temperature of the 
autoclave was set to 121 °C, it is likely that the actual sample temperature in the 
container was lower than 121 °C as the boiling point of soy sauce is about 100 °C and 
there was significant headspace (about 40 mL) present in the bottle. 
 
For the subsequent investigation of the acrylamide formation in heat-treated liquid 
soy sauce with and without curcumin, a microwave reactor (Initiator, Biotage, 
Sweden) was used. Two mL of soy sauce samples with 5% curcumin i.e. (0.1 g) and 
without curcumin were pipetted into 2 mL microwave reactor vials and hermetically 
sealed. The vials were heated in the microwave reactor for 3, 6, 9, 12, 18 and 25 
minutes respectively, at temperatures of 120, 140, 160 and 180 °C, respectively. The 
microwave reactor took about 40 to 65 seconds to heat up the samples to a designated 
 132 
 
temperature before it was maintained at that temperature for a stipulated time. 
Subsequent cooling was done with compressed air and it took 120 to 150 seconds to 
cool the samples down to the safe temperature of about 60 °C, after which the 
samples were removed from the reactor and placed in an ice bath. The samples were 
stored at 4°C for up to 5 days before 1 mL of the reacted sample was used for sample 




8.2.5 Sample Extraction 
Acrylamide was extracted according to the method described in Mastovska and 
Lehotay (2006) with some modifications. One gram or 1 mL of sample was added 
into a 15mL centrifuge tube. The sample was spiked with 0.5 mL of 2 μg/mL 
[
13
C3]-acrylamide solution. Distilled water was added to a total volume of 2.5 mL. 
























Figure 8.1 Temperature profiles of the soy sauce  during 







and the centrifuge tube was vortexed for 30 seconds.2.5 mL of acetonitrile, 1 g of 
anhydrous magnesium sulfate and 0.125 g of sodium chloride were added to the 
centrifuge tube. The tube was closed and shaken vigorously for 1 minute. It was then 
centrifuged (Sartorius, USA) at 3450×g and 4 °C for 5 minutes. The hexane layer was 
discarded and 1.5 mL of the acetonitrile layer was pipetted into mini-centrifuge tubes 
containing 50 mg of primary secondary amide (PSA) sorbent and 150 mg of 
anhydrous magnesium sulfate for dispersive solid phase extraction (dSPE). The mini 
centrifuge tubes were vortexed for 30 seconds and then centrifuged at 3450×g and 
4 °C for 5 minutes. 0.8 mL of solution was pipetted into a 1 mL mini-centrifuge tube 
and the acetonitrile was evaporated to about 50 µL.Fifty µL of distilled water was 
pipetted into the solution and the remaining solution was evaporated to 50 µL. Then, 
for soy sauce samples, 150 µL of distilled water was added. The centrifuge tube was 
briefly vortexed and the 200 µL solution was pipetted into 250 µL micro V-vials 
(Waters, USA). For samples containing curcumin, 250 µL of distilled water was 
added. The centrifuge tube was briefly vortexed and 200 µL of the solution was 
pipette into 250µL micro V-vials. Extracted samples were stored at 4 °C until 
analysis. 
 
8.2.6 Instrumental Analysis 
An AmaZon LC-MS (Bruker Daltonics, Bruker Corporation, USA) in the positive 
electrospray ionisation (ESI) mode was used for initial trials and analysis of blank 
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samples.The pump flow rate was 0.200 µL/min and 10 µL of sample was injected and 
passed through a Thermo Hypercarb column (50 x 2.1 mm, 5 μm, Thermo Fisher 
Scientific, USA) maintained at room temperature (25 °C). The mobile phase was 95:5 
water with 0.1% formic acid-methanol using isocratic elution. For detection, full ion 
scan mode within the mass range of 60.0-90.0 m/z was used. Acrylamide response 
was monitored by extracting the m/z = 71.8 chromatogram and the [
13
C3]-acrylamide 
response by extracting the m/z = 75.0 chromatogram. The retention time for 
acrylamide and [
13
C3]-acrylamide was tested to be about 2.8 minutes. 
 
For the analysis of soy sauce samples, LC-MS/MS analysis was performed on an 
API3000 (AB Sciex Instruments, Danaher, USA) triple-stage quadrapole mass 
spectrometer equipped with an ESI interface and an Agilent 1100 series HPLC 
(Agilent Technologies, USA). Pump flow rate was 0.300 µL/min and 20 µL of sample 
was injected and passed through a Thermo Hypercarb column maintained at room 
temperature (25 °C). The mobile phase was 98:2 (all in the ratio of water with 0.1% 
formic acid-methanol) from 0 to 0.5 minutes, an increment to a 50:50 ratio from 0.5 to 
3.0 minutes, followed by a decrement back to 98:2 from 3.0 to 3.5 minutes, and 
finally a re-equilibrium period using a 98:2 ratio from 3.5 to 6 minutes. Acrylamide 
was detected using the positive ESI mode with multiple reaction monitoring (MRM) 
of m/z 71.8 55.0 for acrylamide quantification and m/z 71.8  44.2 for acrylamide 
identification. [
13
C3]-acrylamide internal standard response was quantified using m/z 
75.0  58.3. The optimised MS instrument parameters were as follows: entrance 
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potential (EP), 10.5 V; focusing potential (FP), 199.0 V; ionspray voltage (IS), 5500.0 
V, channel electron multiplier (CEM), 2350.0 V, source temperature, 500 °C; The 
collision energy was 17.0 eV for acrylamide transitions and 30.0 eV for 
[
13
C3]-acrylamide transition. Dwell scan time was set at 200.0 millisecond. Data were 
analysed using Analyst 1.4.2 software (AB Sciex Instruments, Danaher, USA). 
 
8.3 RESULTS AND DISCUSSION 
8.3.1 Method Validation 
A standard curve of relative response area of acrylamide to response area of internal 
standard against known acrylamide standard was obtained in the range of 2 to 500 
ng/mL acrylamide (all with 1000 ng/mL [
13
C3]-acrylamide internal standard). Good 
linearity was obtained with equations Y = 0.000965X + 0.00188 (R
2
 = 0.9985) and Y 
= 0.00149X – 0.000448 (R2 = 0.9997) respectively. LOD and LOQ were respectively 
found by taking 3.3 times and 10 times the standard deviation of the blank signal. The 
blank signal was estimated by injecting a blank sample consisting of 1000 ng/mL 
[
13
C3]-acrylamide internal standard in distilled water. The response area at the 
acrylamide signal at the same retention time of the internal standard signal was 
estimated. This response area relative to the internal signal response area was taken to 
be the blank signal. Taking 3.3 times and 10 times the standard deviation of the blank, 
LOD and LOQ were estimated to be 10.0 ppb and 25.9 ppb respectively using LC-MS 
and 1.4 ppb and 3.5 ppb respectively using LC-MS/MS. Recovery efficiency was 
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determined by spiking blank samples (distilled water) and soy sauce with a known 
amount of 100 and 250 ppb acrylamide standard respectively and is shown in Table 
8.1. The extraction procedure was carried out as described in Section 8.2.5 and the 
detected amount of acrylamide was compared to the original spiked amount. 
Extraction and analysis were carried out in triplicate over two different days (total 
samples n=6 for each level over both days) to ensure inter-day and intra-day 
repeatability and the average was obtained. Extraction efficiencies were 99.9 ± 2.1% 
(RSD) and 97.0 ± 1.9% using spiked blank samples of 100 ppb and 250 ppb 
respectively, and 100.4± 1.8% and 100.2 ± 1.1% using 100 ppb and 250 ppb spiked 
soy sauce samples respectively.  
 
Table 8.1 Recovery study of acrylamide  
Sample Spiking level (ppb) No. of samples 
(n) 
Recovery (%) RSD 
Water 100 6 99.9 2.1 
Water 250 6 97.0 1.9 
Soy Sauce 100 6 100.4 1.8 
Soy Sauce 250 6 100.2 1.1 
 
8.3.2 Analysis of Soy Sauce Samples 
Extraction of samples was carried out in triplicate and repeated analysis was 
performed over two different days using LC-MS/MS. According to Andrezejeweski 
(2004), the four criteria for detection and confirmation of acrylamide using 
LC-MS/MS are (1) the same retention time for the internal standard and acrylamide, 
(2) a distinct signal without interference, (3) a signal to noise ratio of 10:1 for 
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quantification and (4) a ±10% relative abundance for different m/z. Acrylamide was 
detected with positive ESI and MRM mode using the m/z 71.8 55.0 for acrylamide 
quantification and m/z 71.8  44.2 for acrylamide identification. [13C3]-acrylamide 
internal standard response was quantified using m/z 75.0  58.3.  For the fourth 
criterion, a ±15% was chosen as the signal strength received by the API 3000 mass 
detector for the m/z 71.8  44.2 was relatively low even for the standards of known 
concentrations.  
 
Table 8.2 Acrylamide detected from original liquid soy sauce, spray dried soy sauce 









Kikkoman soy sauce 3 N.D - 
Soy sauce and curcumin powder (140°C) 
Soy sauce and curcumin powder (160°C) 
Soy sauce and curcumin powder (180°C) 













Autoclaved soy sauce (0 mins) 3 N.D - 
Autoclaved soy sauce (20 mins) 3 3.96 0.42 
Autoclaved soy sauce (40 mins) 3 7.05 0.70 
Autoclaved soy sauce (60 mins) 3 9.52 1.00 
Autoclaved soy sauce and curcumin (0 mins) 3 N.D - 
Autoclaved soy sauce and curcumin (20 mins) 3 8.02 0.50 
Autoclaved soy sauce and curcumin (40 mins) 3 9.40 1.39 
Autoclaved soy sauce and curcumin (60 mins) 3 14.77 0.76 
 
Table 8.2 shows the results obtained. No peak corresponding to the acrylamide signal 
was detected in the original liquid soy sauce and spray dried soy sauce powder with 
curcumin at an inlet air temperature of 140, 160, 180 and 200 °C respectively. This 
shows thatacrylamide were not detected (below the LOD of 1.4 ppb) in the soy sauce 
 138 
 
samples. This finding was similar to the reports published by the FDA (2006) which 
reported non-detectable levels of acrylamide in Kame Dark Soy Sauce and Kikkoman 
Soy Sauce. In contrast, Chen et al. reported acrylamide values of 50-140 µg/kg in 
three different types of soy sauce with a mean value of 90 µg/kg during a survey of 
acrylamide in Chinese food (Chen et al., 2008). The difference could be due to a 
difference in processing conditions during the soy sauce production in different 
companies or countries. Our results also showed that autoclaved liquid soy sauce 
resulted in detectable levels of acrylamide which increased with heating time. Average 
detected acrylamide levels were 3.96 ± 0.42 ng/mL after 20 minutes of heating, 7.05 ± 
0.70 ng/mL after 40 minutes and 9.52 ± 1.00 ng/mL after 60 minutes of heating. The 
extracted solution after dSPE showed increasing intensity of yellow (instead of a clear 
solution when there was no heating) with increasing heating time. This could be 
explained by an increase in Maillard reaction products which were not removed by 
the dSPE clean-up. This increase in Maillard reaction could be the main reason to 
account for the increase in acrylamide content of the soy sauce samples(Stadler et al., 
2004; Zyzak et al., 2003). No acrylamide was detected when curcumin was added to 
the liquid soy sauce and homogenised without heating. However, when the 
homogenised mixture was autoclaved, acrylamide was detected in the heated samples 
at 8.02 ± 0.50 ng/mL after 20 minutes, 9.40 ± 1.39 ng/mL after 40 minutes and 14.77 
± 0.76 ng/mL after 60 minutes ofheating.  
 
Typical chromatograms of the soy sauce with difference processing conditions 
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werefound in Figure 8.2. Chromatogram A produced by using the 50 ppb acrylamide 
standard shows that the internal standard [
13
C3]-acrylamide produced a large peak at t 
= 0.71 mins, and that the acrylamide produced a similar smaller peak at the same 
retention time. Chromatogram B is from a liquid soy sauce sample. The internal 
standard peak was produced at t = 0.86 min and no corresponding smaller peak was 
observed. However, an earlier peak at t = 0.61 min was detected. This compound was 
not acrylamide as it did not have the same retention time as the internal standard. 
Gökmen and Senyuva (2007) encountered a similar interference in their test of 
acrylamide in Turkish foods and confirmed that one of the compounds that resulted in 
am/z product of 72 was the amino acid valine. A sample of soy sauce was extracted 
without the addition of any acrylamide or [
13
C3]-acrylamide and was subjected to an 
accurate mass scan using the AmaZon LC-MS in the positive ESI mode.The 
interfering m/z of 72 gave an accurate m/z reading of 72.0811, and corresponded to 
the m/z 72.0808 with an error of 4.1%. This m/z of 72.0808 corresponded to the 
immonium ion generated by valine (Hohmann et al., 2008). This alone did not 
confirm the identity of the interference to be valine. However, valine is present in soy 
sauce and was a likely candidate. While some tailing did occur, the peak did not 
interfere significantly with the peak of interest. Furthermore, from chromatogram C 
and D, it appears that with increased heating, the peak corresponding to this 
interfering ion decreased, and this could be due to degradation, decomposition or 
reaction of valine with other compounds at high temperatures. The small peaks that 





C3]-acrylamide was deduced to be acrylamide.The interference might be able to be 
removed or minimized by using the same column of a longer length, or by an 
additional clean-up step using a cation-exchanger sorbent (Knol et al., 2010). A 
further decrease in the flow rate below 0.3 µL/min would not be recommended as it 
would result in an increase in tailing. 
 
 
Figure 8.2 LC-MS/MS Chromatogramsof (A) 50 ppb acrylamide standard, (B) liquid 
soy sauce, (C) soy sauce with 5% curcumin autoclaved for 20 mins at 121 °C and (D) 
soy sauce with 5% curcumin autoclaved for 60 mins at 121 °C. All samples were 
spiked with 1000 ppb of [
13
C3]-acrylamide internal standard which are represented by 
the tallest peak. 
 
8.3.3 Analysis of Soy Sauce with Heat Treatments 
As shown in Table 8.3, the amount of acrylamide detected generally increased with 
heating time. However, with increasing heating time at 180 °C, the amount of 
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acrylamide found decreased. This trend was also observed for soy sauce with 
curcumin heated at 160 °C. For soy sauce without curcumin heated at 160 °C, 140 °C 
and 120 °C, the acrylamide detected appeared to plateau after 25 minutes. For soy 
sauce with curcumin heated at 140 °C and 120 °C, the amount of acrylamide also 
appeared to plateau around a certain value of acrylamide. The trend of increasing 
acrylamide with increasing heating time was also recorded and observed by other 
researchers in model reactions (Knol et al., 2010) or other food matrix such as potato 
powder (Franke et al., 2009). This was explained earlier that an increase in Maillard 
reaction with heating also resulted in an increase in acrylamide due to similar 
formation pathways. The decrease in acrylamide content at high temperatures and 
long heating times was similarly reported in a number of research works (Bassama et 
al., 2011; Claeyset al., 2005; Taubert et al., 2004). It was reported that acrylamide was 
found to decompose and polymerize on melting at temperatures above 175 °C 
(Taubert et al., 2004). As such, various studies to model the acrylamide content in 
model systems or food matrices were done using a first order, pseudo-first order or 
second order formation kinetics, and a first order elimination kinetics if a decrease in 
acrylamide was observed after prolonged heating at high temperature (Knol et al., 
2010; Franke et al., 2009; Bassama et al., 2011; Claeys et al., 2005; Taubert et al., 
2004). In addition, no peak corresponding to the acrylamide signal was detected in the 
samples of original liquid soy sauce.This showsnon-detectable levels of acrylamide 
(below the LOD of 1.4 ppb) in the soy sauce samples. The FDA earlier reported 
non-detectable levels of acrylamide in Kame Dark Soy Sauce and Kikkoman Soy 
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Sauce (FDA, 2006). 
 
Table 8.3Acrylamide detected from the heat treatedsoy sauce liquid with and without 




















120 3 6 N.D - 6 6.01 0.29 
120 6 6 6.64 0.24 6 6.71 0.46 
120 9 6 6.90 0.49 6 7.37 0.73 
120 12 6 7.15 0.29 6 7.42 0.67 
120 18 6 7.98 0.33 6 8.01 0.99 
120 25 6 8.87 0.66 6 9.47 0.51 
        
140 3 6 10.8 0.6 6 9.70 1.3 
140 6 6 12.7 0.9 6 12.6 0.9 
140 9 6 15.1 1.6 6 15.0 2.1 
140 12 6 16.8 1.4 6 17.6 2.2 
140 18 6 21.5 3.5 6 17.4 1.5 
140 25 6 22.1 1.3 6 17.1 0.8 
        
160 3 6 18.1 0.2 6 21.9 1.7 
160 6 6 29.3 2.9 6 29.1 1.8 
160 9 6 33.7 2.1 6 37.8 5.3 
160 12 6 32.6 3.9 6 29.6 1.3 
160 18 6 33.3 3.0 6 29.1 1.0 
160 25 6 36.6 3.2 6 30.3 1.6 
        
180 3 6 36.6 1.8 6 56.0 2.7 
180 6 6 53.2 4.5 6 68.0 6.4 
180 9 6 61.9 4.6 6 69.8 5.3 
180 12 6 59.0 3.6 6 69.8 8.1 
180 18 6 63.7 3.6 6 57.5 3.1 
180 25 6 41.0 4.9 6 59.0 6.1 




8.3.4 Reaction Kinetics 
The initial rate of acrylamide formation was assumed to be a second order reaction 
that was dependent on both the concentration of asparagine present in the soy sauce, 
and the total concentration of carbonyl groupwhich came mainly from the glucose 
molecules and the added curcumin molecules. Based on Yokotsuka (1986), the initial 
concentrations of asparagine and glucose were estimated to be 0.90% and2.05% w/w 
of soy sauce, respectively. Curcumin was added at a 5% w/v in the soy sauce. Using 
the respective molecular weights, the initial molar concentrations of curcumin (Mr 
368.38), asparagine (Mr 132.12) and glucose (Mr 180.16) were determined to be 
0.1357 M, 0.0781 M and 0.1305 M, respectively. In establishing kinetic models for 
the acrylamide formation reaction, most researchers used model food systems and 











































Figure 8.3Acrylamide detected from heating reactions of liquid soy sauce with 
different heating temperature ((a) soy sauce without curcumin; (b) soy sauce with 
curcumin). 
 
dependent on only asparagine or glucose concentration, or that the concentration of 
the reactants remained largely constant as acrylamide is formed in amounts several 
magnitude lower than the reactants. However, inthis study, soy sauce was a complex 
food matrix. Upon heating, numerous other reactions would be expected to take place. 
For example, there were other amino acids present that would also react with the 
glucose molcules present. The total concentration ofcarbonyl group was only 2 to 5 
times higher in molar concentration than asparagine and it was not possible to assume 
that the reaction rate was limited by asparagine or that the carbonyl group was in 
excess. The reaction kenetics of acrylamide formation were derived by fitting 
experimental data to the polynomial expressions(Figure 8.3).Using the assumption of 
second order reaction kinetics, the rate constant k is determined by carbonyl group 










































concentration of aspergene. The activation energy Ea and the pre-exponential factor A 
were estimated from the Arrhenius equation. A similar approach was also used by 
Hamazahoglu et al. (2011) to estimate the activation energy of thereaction between 
curcumin and asparagine in a model solution system. Results of our kinetic modeling 
are shown in Table8.4. 
 



























120 2.132E-08 2.089E-06 
12.10 7.95 50.38 14.61 
140 6.797E-08 6.662E-06 
160 1.034E-07 1.014E-05 
180 1.762E-07 1.727E-05 




120 2.625E-08 1.261E-06 
391.40 3.80 64.29 9.43 
140 5.335E-08 2.564E-06 
160 1.381E-07 6.639E-06 
180 3.496E-07 1.680E-05 
 
To compare the resultin this study with other published ones, Table 8.5 lists the 
activation energy and other relevant information on experimental conditions. Various 
studies were carried to estimate the activation energy of acrylamide formation in 
various model systems or food matrices. Different parameters such as the type of 
sugar, concentration, reactant ratio and water activity were investigated, and the 
reported Ea was between 26 to 182 kJ/mol. It should be noted that most researchers 
obtained an Ea value of about 160 kJ/mol for equimolar reactions of 
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glucose-asparagines, and a lower Ea of between 120-140 kJ/mol for 
fructose-asparagine mixtures (Claeys et al., 2005; Vleeschouwer et al., 2009; 
Vleeschouwer et al., 2007). The reported activation energies of acrylamide formation 
in potato powder and plantain were also in the higher range of 170-190 kJ/mol. For 
results in this study, the difference in the estimated activation energies of 50.38 ± 
14.61 kJ/mol and 64.29 ± 9.43 kJ/mol isnot statistically significant and both values 
appear to be rather low. However, lower values of the activation energy of acrylamide 
formation were also reported by various authors as listed in Table 
8.5(Gökmen&Senyuva, 2006; Hedegaard et al., 2007). In particular, Hamazahoglu et 
al. (2011) reported the activation energy of the reaction between curcumin and 
asparagine to be 79.1 kJ/mol in a model solution system. 
 
Table 8.5 Various activation energies of acrylamide formation under different reaction 
conditions and parameters 








et al. (2009) 
Equimolar 
asparagine-sugar mixtures, 
aw = 0.92 
 Oil bath 
Multi-response 
modeling 
 asparagine-glucose 169.2 ± 29.5   
 asparagine-fructose 122.0 ± 66.5   
 asparagine-sucrose 96.2 ± 22.3   
Vleeschouwer 
et al. (2007) 
Equimolar 
asparagine-glucose 





 GLU:ASP 1:1, aw 0.34 153.6 ± 24.95   
 GLU:ASP 1:1, aw 0.59 161.0 ± 24.17   
 GLU:ASP 1:1, aw 0.73 160.8 ± 11.96   
 GLU:ASP 1:1, aw 0.82 170.8 ± 15.47   
 GLU:ASP 1:1, aw 0.88 161.9 ± 7.368   











 GLU:ASP 10:1, aw 0.33 129   
 GLU:ASP 10:1, aw 0.47 73   
 GLU:ASP 10:1, aw 0.61 83   
 GLU:ASP 10:1, aw 0.71 58   
 GLU:ASP 1:1, aw 0.33 137   
 GLU:ASP 1:1, aw 0.47 75   
 GLU:ASP 1:1, aw 0.61 55   
 GLU:ASP 1:1, aw 0.71 51   
 GLU:ASP 1:10, aw 0.33 88   
 GLU:ASP 1:10, aw 0.47 35   
 GLU:ASP 1:10, aw 0.61 26   
 GLU:ASP 1:10, aw 0.71 35   
Hamzahoglu 




79.1 Oil bath  





52.1 Oil bath  




   
 asparagine-glucose 161.06 ± 3.84  
2nd order 
formation 
 asparagine-fructose 131.10 ± 5.37   
 asparagine-sucrose 48.88 ± 3.23   
 asparagine-glucose 168.25 ± 3.80  1st order formation 
 asparagine-fructose 140.81 ± 5.84   
 asparagine-sucrose 48.50 ± 3.15   
Franke et al.  
(2009) 
Potato powder in oil 189 Oil bath 1st order formation 
Bassama et 
al. (2011) 
Plantian in oil  Oil bath  
 aw 0.972 177.6 ± 18.6   
 aw 0.904 168.5 ± 15.8   
  aw 0.430 177.8 ± 14.4     
 
It is worthwhile to mention that the reaction kinetics of a microwave heated reaction 
might be different from that of conventional heating in terms of acrylamide formation. 
All the studies listed in Table 8.5 were carried out in an oil bath or a heating oven, 
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where conventional heat transfer took place. While the microwave heating offers 
certain advantages such as a faster heat transfer and better control of reaction 
temperature, it also might change the reaction rate for acrylamide formation at the 
same time. Michalak et al. (2011) reported that the highest amount of acrylamide was 
detected in a variety of potato shape when subjected to microwave treatment as 
compared to pan-frying, deep-frying and roasting. Tuta et al. (2010)found that 
microwave pre-treatment of potato strips before frying lowered the acrylamide 
content in the final product, but this was accompanied by the overall lowering of 
frying time due to the initial microwave thawing. Satoshi et al. (2010) reported that 
the concentrations of acrylamide in potato, asparagus and green gram sprouts baked 
after being precooked by microwave irradiation were higher than those in the products 
baked without being precooked. Overall, from these studies, it appears that 
microwave processing could lead to a higher amount of acrylamide in food products, 
and this might be due to the correspondingly lower activation energy of acrylamide 
formation during microwave heat processing. 
 
8.4 CONCLUSION 
No acrylamide was detected in the original liquid soy sauce and soy sauce powder 
with curcumin that were spray dried at an inlet temperature between 140 to 200 °C, 
thereby assuring that the incorporation of curcumin into the spray dried soy sauce 
matrix will not be a safety concern in terms of acrylamide formation. Heating of 
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liquid soy sauce samples with and without curcumin using a microwave reactor 
showed that acrylamide could be formed after prolonged heating at high temperatures 
between 120 to 180 °C. The activation energy of acrylamide formation in the soy 
sauce and soy sauce with curcumin was found to be 50.38 ± 14.61 kJ/mol and 64.29 ± 
9.43 kJ/mol respectively. The activation energy of acrylamide formation from 
microwave heat treatment of the samples appeared to be generally lower than the 
activation energy of acrylamide formation inother model food systems reported in the 
literature. In order to establish a more rigid kinetic model of the acrylamide formation 
reaction in soy sauce, more parameters such as asparagine content and reducing sugar 



























CHAPTER 9: CONCLUSIONS AND RECOMMENDATIONS 
9.1 CONCLUSIONS 
This study has systematically investigated the spray drying of liquid soy sauce to 
produce powdered soy sauce and characterized powder properties relevant to caking 
phenomenon. The critical storage conditions for soy sauce powders with 
maltodextrinsas a carrier agent were predicted by combining the BET model and the 
Gordon-Taylor model. As a further exploration ofthe caking issue and to enhance the 
storage stability of the powders, crystalline carbohydrates and WPI were used as 
complementary carrier agents to maltodextrins to produce soy sauce powders with 
improved anti-caking effects. The major conclusions are as follows: 
 
Spray dried soy sauce powders using maltodextrins as a carrier agent were a mixture 
of NaCl crystals and an amorphous phase consisting ofother components. 
Incorporating maltodextrins could significantly reduce the hygroscopicity and 
increase Tg of the soy sauce powders. The different DE values and concentrations of 
maltodextrin could influence the caking related characteristics of the soy sauce 
powders including Tg, hygroscopicity and cohesiveness. The soy sauce powders 
produced from the feed solutions of 40% maltodextrin concentration had lower 
hygroscopicity, less cohesion and higher glass transition temperatures than their 20% 
concentration counterparts. No dramatic difference was found in the particle size 
distribution, moisture adsorption content, and Tgamong the soy sauce powders made 
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with maltodextrins of different DE values. However, the caking strength of the soy 
sauce powders was strongly influenced by the DE value and concentration of 
maltodextrin in the feed solutions. The effect of maltodextrin DE value on the caking 
strength of the soy sauce powders was most likely caused by the different proportions 
of low DP saccharides in the maltodextrins. 
 
Both the BET and GAB models could be applied to simulate the moisture adsorption 
behaviour of the soy sauce powders produced with maltodextrins as a carrier agent. 
However, the high salt concentration in the soy sauce powders resulted in difficulties 
to accurately predict the monolayer moisture contents of the powders. The monolayer 
values were obtained by applying the BET model to fit the experimental results within 
an awrange of 0-0.53, since higher awwould cause the delinquencies of the NaCl 
crystals and a dissolution of the powder particles. The strong plasticizing effect of 
water on glass transition was confirmed by measuring Tg of the soy sauce powders 
with gradient moisture contents. The experimental data for Tg fitted the 
Gordon-Taylor equation well and the dry matter Tg (Tgs) of the soy sauce powders 
were predicted accordingly.The critical storage conditions for spray dried soy sauce 
powders could be predicted by combining the BET and Gordon-Taylor models. The 
critical values indicated that the spray dried soy sauce powders with maltodextrins as 
a carrier agent were very prone toflowing degradation changes.  
 
The spray drying conditions hada strong influence on the physicochemical properties 
 152 
 
of the spray dried soy sauce powders using maltodextrins as carrier. Different drying 
conditions could generate soy sauce powders with different process yield, bulk density, 
cohesiveness and particle size. Extremely cohesive soy sauce powders were obtained 
when the drying air temperature reached 180°C and above. The strong cohesion might 
be caused by the elastic deformation of the particles during flowing. The EDS 
analysis results demonstrated that the surface NaCl concentration of the soy sauce 
powders increased with an increasing drying air temperature. SEM analysis indicated 
that a faster drying rate could result in soy sauce powders with more particles having 
a smooth surface.  
 
In addition to choose maltodextrins as the only carrier agent to produce soy sauce 
powders, cellulose or waxy starch were used together with maltodextrins to spray dry 
soy sauce. It was demonstrated that cellulose or waxy starch could introduce new 
crystalline phase into the spray dried soy sauce powders. The resultant soy sauce 
powders were significantly less sticky and less amenable to caking when the 
maltodextin to starch or maltodextrin to cellulose ratio reached 3:3. Thisprobably 
resulted from the increased crystallinity of the powders as shown by the XRD analysis. 
However, the solubility of the powders was reduced by cellulose or waxy starch.  
 
WPI was another carrier agent studied for its anti-caking effect as a complementary 
drying carrier with maltodextrins to produce soy sauce powders. The results showed 
that when just 5% (w/v) WPI was added in the feed solution, the product yield 
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increased significantly in comparisonto the control, while further increasing the WPI 
concentration to 10% and 15% had a similar yield to 5% WPI addition. SEM analysis 
results showed that addition of WPI resulted in wrinkled particle surface, suggesting a 
preferential migration of WPI to the particle surface. XPS analysis supported the 
assumption that WPI hada strong affinity to distribute on the powder surface. Tg 
values obtained by TMCT were more meaningful than those by DSC in predicting the 
caking behaviour of the soy sauce powders. Adding WPI was able to significantly 
delay the heat-induced caking of the soy sauce powders.  
 
Lastly, no acrylamide was detected in the original liquid soy sauce and the soy sauce 
powders produced by spray drying at an inlet air temperature from 140 to 200 °C, 
thereby assuring that spray drying of soy sauce will not raise a safety issue in terms of 
acrylamide formation. Heating of liquid soy sauce samples with and without curcumin 
using a microwave reactor showed that acrylamide could be formed after prolonged 
heating at a high temperature between 120 to 180 °C. The activation energy of 
acrylamide formation in the soy sauce and soy sauce with curcumin was calculated to 
be 50.38 ± 14.61 kJ/mol and 64.29 ± 9.43 kJ/molrespectively.  
 
9.2 RECONMENDATIONS FOR FUTURE WORK 
In Chapter 4, critical storage conditions for the soy sauce powders were predicated by 
using the Gordon-Taylor model and the BET model. However, it was not easy to 
maintain the storage conditions of the soy sauce powders below their critical valuesall 
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the time because the soy sauce powders were very hygroscopic.Caking would 
unavoidablely happen to the soy sauce powders even after a short period exposed to 
the environment. As mentioned in the literature review (Section 2.1.4), Rumpf’s or 
Frenkel’s equations can be used to model the agglomeration process between two 
particles as a function of time. The WLF equation can be used to determine the 
viscosity of materials at a temperature above Tg.Based on these equations and the 
powder’s particle size, it is possible to develop a model to simulate the caking process 
of the powders at a given storage condition. However, caking degree expressed by the 
r/R ratio in both Rumpf’s and Frenkel’s equations needs to be evaluated in a proper 
wayin order to validate the models by experimental results.  
 
In addition to WPI, NaCas has also been reported to have surface affinity and could 
reduce the stickiness of sugar-rich food during spray drying. NaCas has been 
proposed and tried to spray dry soy sauce powders as a complementary carrier agent 
to maltodextrins. However, the poor solubility of NaCas in soy sauce was a big 
challenge for its application as a carrier. Water dilution could improve the solubility of 
NaCas in the soy sauce matrix. However, it would greatly decrease the drying 
efficiency and damage product quality at the same time. ToincorporateNaCas as a 
complementary drying carrier, further research needs to be conducted to improve the 
solubility of NaCasin soy sauce matrix.  
 
The finding of crust elemental composition of soy sauce powders indicated in Fig. 5.6 
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was very promising, by changing inlet air temperature, the NaCI concentration in the 
sub-surface area could be changed in accordance. This knowledge will show us a 
possible way to reduce salt intake by accelerating salt sensitivity on taste receptor. 
Assuming the same salt level in a whole particle, the more concentration on surface 
area, the more recipient of NaCl to the receptors on the tongue. Therefore, it indicats a 
a possible approach to intensify salty taste of soy sauce powder without increasing its 
total salt content.  
 
In this study, adding different types and doses of carrier agents to produce soy sauce 
powders was studied by focusing on their anti-caking effects.However, caking 
prevention should not compromise the sensory quality of soy sauce powders as a 
condiment. Although it is not a primary objective of this study, an evaluation on the 
sensory quality of the soy sauce powders is needed in order to choose the most 
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